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1. 


Statement  of  the  Problem  Studied 


Over  the  past  decade,  there  has  been  a  great  deal  of  interest  in  tunable  solid- 
state  lasers.  The  extensive  research  focused  on  either  finding  new  host  materials  for 
the  trivalent  chromium  ion  (Cr3+),  or  finding  new  ions  to  be  used  in  already  known 
hosts.  We  have  initiated  a  research  project  to  investigate,  using  methods  of 
conventional  optical  spectroscopy  and  picosecond  time-resolved  spectroscopy,  new 
potential  tunable  solid-state  laser  materials.  Very  little  information  is  available 
about  the  fundamental  physical  processes  behind  vibronic  laser  operation.  With  this 
in  mind  we  have  undertaken  studies  of  the  kinetics  of  population  relaxation  among 
the  excited  states  of  lasing  ions,  as  well  as  investigations  of  the  optical  phonon 
dynamics  using  ultrafast  pump-and-probe  anti-Stokes  Raman  scattering.  Most  of  the 
investigations  were  performed  on  chromium-doped  forsterite,  new  and  unique 
laser  crystal  discovered  by  us  during  the  course  of  this  research. 

2.  Summary  of  the  Most  Important  Results 

Major  breakthroughs  were  achieved  in  two  areas:  (1)  Time-resolved 
nonequilibrium  phonon  dynamics  in  tunable  solid-state  laser  crystals,  and  (2) 
Discovery  of  a  new  lasing  ion,  tetravalent  chromium  (Cr4*)  in  chromium-doped 
forsterite  (Cr:Mg2SiC>4)  and  studies  of  its  spectroscopic  and  laser  properties. 

2.1  Nonequilibrium  Phonon  Dynamics  in  Tunable  Solid-State  Laser  Crystals 

Exdte-and-probe  anti-Stokes  Raman  scattering  apparatus  was  developed  to 
study  photon  dynamics  in  the  excited  state  in  tunable  solid-state  laser  materials. 

Using  this  state-of-the-art  experimental  setup  we  have,  for  the  first  time, 
directly  identified  the  nonequilibrium  phonons  which  participate  in  the  overall 


complex  nonradiative  decay.  By  measuring  the  time  dependence  of  the  pump-probe 
Raman  spectra  in  chromium-doped  forsterite  we  have  determined  the  rise  and 
decay  behavior  of  different  Raman-active  phonon  modes  involved  in  nonradiative 
decay. 


The  sample  of  Cr-doped  forsterite  was  photoexcited  above  the  Cr4*  lasing 
level  by  a  train  of  450-fs,  590-nm  pump  pulses  and  probed  by  a  time-delayed,  cross- 
polarized  pulses  of  same  pulse  duration  and  wavelength.  We  have  monitored  the 
change  in  the  relative  intensity  of  anti-Stokes  Raman  lines  due  to  scattering  of  both 
the  pump  and  the  probe  pulses  as  a  function  of  pump-probe  delay.  Raman  spectra 
show  that  the  rise  and  the  decay  dynamics  are  different  for  different  phonon  modes, 
which  in  turn  contribute  to  the  overall  nonradiative  relaxation  of  photoexcited  ions 
in  this  crystal. 

In  the  measured  anti-Stokes  Raman  spectra,  the  370  cm"1  Raman  line  is 
generated  by  the  pump  beam,  while  the  330  cm-1  and  225  cm-1  lines  arise  from 
Raman  scattering  of  the  probe  beam.  Different  Raman  spectra  corresponding  to  the 
pump  and  to  the  probe  beam  are  a  consequence  of  different  selection  rules  for  the 
cross-polarized  pump  and  probe  beams.  Measuring  the  ratio  of  the  intensity  of  the 
anti-Stokes  Raman  lines  corresponding  to  the  probe  beam  and  the  intensity  of  the 
Raman  line  due  to  Raman  scattering  of  the  pump  beam,  for  different  pump-probe 
delays,  a  picture  of  the  dynamics  of  the  nonequilibrium  phonons  is  developed.  It 
was  observed  that  the  relative  difference  between  the  intensities  of  the  pump  and 
probe  Raman  lines  in  the  anti-Stokes  Raman  spectrum  changes  considerably  when 
the  pump-probe  del?Tr  time  changes  from  1  ps  to  6  ps.  There  are  differences  in  the 
rise  and  decay  of  these  two  modes  which  contribute  differently  to  overall 
nonradiative  decay.  The  two  phonon  modes  ’’seen”  by  the  probe  beam  exhibit  an 
increase  in  the  intensity  ratio  for  the  first  10  ps  and  a  decay  for  the  following  25  ps. 


These  results  are  an  important  contribution  to  the  understanding  of  the 
underlying  physics  on  which  nonequilibrium  phonons  participate  in  the  excited 
state  nonradiative  decay  of  photoexdted  ions  in  crystals. 

2.2  Spectroscopic  and  Laser  Properties  of  chromium-doped  forsterite 

Measurements  of  the  absorption,  emission  and  excitation  spectra,  as  well  as  the 
wavelength  dependence  of  fluorescence  lifetime  provide  convincing  evidence  that 
chromium  ion  may  enter  forsterite  (Mg2Si04)  host  in  more  than  one  valence  states. 
Trivalent  chromium  (Cr3+)  enters  substitutionally  for  divalent  magnesium  (Mg2+) 
in  two  inequivalent  octahedrally  coordinated  sites,  while  tetravalent  chromium 
(0*4+)  substitutes  for  Si4+  at  tetrahedrally  coordinated  sites.  Of  the  two  Cr3+  centers, 
the  one  with  mirror  symmetry  (Cs)  is  optically  active  due  to  lack  of  inversion 
symmetry  and  accounts  for  a  number  of  features  in  the  absorption  and  emission 
spectra.  The  center  with  inversion  symmetry  (Q)  is  characterized  with  longer 
lifetimes  that  show  strong  temperature  dependence.  The  absorption  and  emission 
due  to  transitions  within  the  states  of  0*4+  ion  overlap  with  those  within  the  states 
of  Cr3+  ion.  The  absorption  in  the  near  infrared  spectral  region  between  850  and  1150 
run  is  primarily  due  to  transitions  between  the  3A2  ground  state  and  the  first  excited 
state  3T2,  of  the  Cr4+  ion.  The  four-level,  vibronic  mode  of  laser  operation  in  Cr- 
doped  forsterite  feeds  on  3T2->3A2  transition. 

Pulsed  laser  operation  was  obtained  with  samples  rich  in  Cr4*  in  a  stable 
cavity.  Pulsed  laser  action  was  observed  for  both  the  1064-nm  and  532-nm  pumping. 
The  spectra  of  the  free-running  laser  radiation  for  both  the  1064-nm  and  532-nm 
pumping  peaked  at  1235  nm  and  had  linewidth  of  30  nm  and  27  nm,  respectively. 
Highest  slope  efficiency  obtained  to  date  is  -23%  for  1064-nm  pumping  with  an 
output  mirror  having  13%  transmission  at  1200  nm. 


Continuous-wave  laser  operation  was  obtained  using  1064-nm  radiation  from 
a  cw  Nd:YAG  laser  as  a  pumping  source.  The  lasing  threshold  was  1.25  W  of 
absorbed  power.  The  measured  slope  efficiency  was  6.8%.  The  spectrum  of  the  free- 
running  laser  output  peaks  at  1244  nm  and  has  a  bandwidth  of  12  nm. 

Tunable  operation  of  Cr:forsterite  laser  has  been  demonstrated  over  the  1167 
-  1345  nm  spectral  range.  A  birefringent,  single  crystal  quartz  plate  at  Brewster's 
angle  was  used  as  the  intracavity  dispersive  element.  Three  different  output 
mirrors  with  transmission  in  adjacent  wavelenth  ranges  were  used  to  cover  the 
range. 

Maximum  slope  efficiency  of  38  %  was  obtained  for  cw  operation  using  11  % 
transmission  output  mirror. 

Limiting  slope  efficiency  of  the  chromium-doped  forsterite  laser  in  the 
absence  of  passive  losses  was  estimated  to  be  >65  %. 

Excited-state  absorption  is  not  a  major  loss  mechanism  in  chromium-doped 
forsterite.  The  peak  of  the  excited-state  absorption  is  predicted  at  1670  nm,  far  out  of 
the  tuning  range. 
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Room-temperature  vibronic  pulsed  laser  action  in  trivalent  chromium-activated  forsterite 
(Cr34:Mg,Si04)  is  reported  for  the  first  time.  The  free-running  laser  emission  is  centered  at 
1235  nm  of  the  broad  4  r1-^4J42  fluorescence  band,  and  has  a  bandwidth  of  —22  nm. 


Prompted  by  the  successful  broadly  wavelength-tuna¬ 
ble,  room-temperature  operation  of  alexandrite’  and  emer¬ 
ald2,3  lasers,  the  surge  in  research  activities  on  tunable  solid- 
state  lasers  has  been  extensive  in  the  1 980s.4'1 7  The  thrust  of 
these  research  endeavors  has  been  twofold:  first  to  look  for 
new  host  materials  for  the  trivalent  chromium  ion,7'11  and 
second,  to  search  for  new  ions  that  will  lase  in  commonly 
used  host  crystals.4"6,12"17  These  efforts  have  been  rewarded 
by  the  successful  wavelength-tunable  laser  operation  of 
Cr3  4  in  a  number  of  hosts,7'1 1  by  the  discovery  of  new  lasing 
ions  trivalent  titanium  (Ti3  4  ) 6,12,13  and  divalent  rhodium16 
( Rh2  +  ),  as  well  as  by  the  ’‘rediscovery** 4,5,14,15,17  0f  tunable 
phonon-terminated  lasers  based  on  divalent  transition  metal 
ions  Ni2  * ,  Co2  4 ,  and  V2  4 .  In  this  letter,  we  present  the  first 
room-temperature  vibronic  pulsed  laser  operation  of  Cr3  4 
in  forsterite  (Mg2Si04 ). 

Forsterite,  like  alexandrite,  is  a  member  of  the  olivine 
family  of  crystals.  It  is  a  naturally  occurring  gem.  Single 
crystals  of  forsterite  may  be  grown  by  the  Czochralski  meth¬ 
od.  A  unit  cell  of  forsterite  has  four  formula  units  in  an  or¬ 
thorhombic  structure  of  the  space  group  Pbnmf 8  The  unit 
cell  dimensions  are:  a  —  4.76  A,  b  —  10.22  A,  and  c  =  5.99 
A.  The  Cr1 4  ion  substitutes  for  the  Mg2  4  ion  in  two  distinct 
octahedrally  coordinated  sites:  one  (Ml)  with  inversion 
symmetry  ( C, ),  and  the  other  (M2)  with  mirror  symmetry 
( Ct ) .  The  occupation  ratio  of  the  two  sites19  by  the  Cr3  4  ion 
is  M1:M2  =  3:2. 

The  single  crystal  of  Cr3  4  :Mg2Si04  used  for  spectro¬ 
scopic  and  laser  action  measurements  was  grown  by  the 
Czochralski  method  at  the  Electronic  Materials  Research 
Laboratory  of  the  Mitsui  Mining  and  Smelting  Co.,  Ltd., 
Japan.  The  crystal  is  a  9  mmx9  mm  X  4.5  mm  rectangular 
parallelepiped  with  the  three  mutually  orthogonal  axes  ori¬ 
ented  along  the  b,  c,  and  a  crystallographic  axes  of  the  crys¬ 
tal.  The  crystal  contains  0.04  at.  %  of  Cr3  4  ions,  which  is 
equivalent  to  a  chromium  ion  concentration  of  6.9X101* 
ions/cm3. 

The  room-temperature  fluorescence  and  absorption 
spectra  of  Cr34:Mg2Si04  for  E||6  crystallographic  axis  are 
shown  in  Fig.  1.  The  fluorescence  spectrum  of  Cr3  4 :  Mg2 
Si04  was  excited  by  the488-nm  radiation  from  an  argon-ion 
laser  and  recorded  by  a  germanium  photodiode  detector 
lock-in  amplifier  combination  at  the  end  of  a  0.25-m  mono¬ 
chromator  equipped  with  a  1000-nm  blazed  grating.  The 


room-temperature  spectrum  is  a  broad  band  covering  the 
wavelength  range  700-1400  nm.  The  room -temperature  flu¬ 
orescence  lifetime  is  15/zs. 

The  absorption  spectrum  was  taken  with  a  Perkin- 
Elmer  Lambda-9  spectrophotometer  along  the  4.5-mm  path 
length  of  the  sample.  It  is  characterized  by  two  broad  bands 
centered  at  740  and  460  nm  attributed  to  the  4A2  —  4T2  and 
*A2—*Tl  absorptive  transitions,  respectively,  of  the  Cr34 
ion.  The  broad,  weak  absorption  band  between  850  and  1150 
nm  is  not  observed  in  the  excitation  spectrum.20  This  indi¬ 
cates  that  the  origin  of  this  absorption  is  not  transitions  in 
Cr3  4  ion,  but  in  some  other  impurity  ions,  e.g.,  Fe3  4  in  the 
host  crystal.21  It  is  evident  from  Fig.  1  that  this  background 
absorption  overlaps  a  significant  spectral  region  of  Cr34: 
Mg2Si04  emission,  and  inhibits  laser  action  in  that  region. 

The  experimental  arrangement  for  investigating  the  la¬ 
ser  action22  in  Cr3  4  :Mg2  Si04  is  shown  schematically  in  Fig. 
2.  The  sample  is  placed  at  the  center  of  a  stable  resonator 
formed  by  two  30-cm-rad  mirrors  placed  20  cm  apart.  The 
mirrors  were  dielectric  coated  to  transmit  the  532-nm  pump 
beam,  and  to  have  high  reflectivity  in  the  1150-1250  nm 
spectral  range.  The  reflectivity  of  the  back  mirror  Af,  is 
99.9%,  while  that  of  the  output  mirror  M2  is  —98%  for 
normal  incidence  over  the  specified  wavelength  range.  It  is 
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FIG.  1.  Absorption  and  fluorescence  spectra  of  Cr3  *  :Mg2Si04  at  room 
temperature.  Both  the  spectra  were  taken  for  E||6  axis  and  excitation  along 
a  axis.  The  thickness  of  the  sample  along  a  axis  is  4.5  mm. 
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FIG.  2.  Schematic  diagram  of  the  experimental  arrangement  for  investigat¬ 
ing  laser  action  in  CrJ  +  :Mg2Si04  (Key :F,  =  1060-nm  blocking  filter.  F2 

—  532-nm  blocking  infrared  transmitting  filter.  A/,  =  back  mirror,  A/2 

—  output  mirror,  L  —  lens,  S  —  sample,  Ge  —  germanium  photodiode  de¬ 
tector.  Xf  —  monochromator. ) 

to  be  noted  that  this  spectral  region  does  not  correspond  to 
the  peak  of  the  fluorescence  spectrum,  but  was  chosen  so 
that  the  background  absorption  is  minimal.  The  sample  was 
longitudinally  pumped  by  frequency-doubled  532-nm,  10-ns 
full  width  at  half  maximum  (FWHM)  pulses  from  a  Q- 
switched  Nd:YAG  laser  (Quanta  Ray  DCR-1 )  operating  at 
a  10-Hz  repetition  rate.  The  spatial  profile  of  the  pump  pulse 
was  a  doughnut,  characteristic  of  an  unstable  cavity.  The 
pump  beam  was  linearly  polarized  along  the  b  axis  and  pro¬ 
pagated  along  the  a  axis  of  the  sample.  It  was  focused  3  cm 
before  the  sample  by  a  25-cm  focal  length  lens.  The  radius  of 
the  pump  beam  at  the  center  of  the  sample  is  —  600 //m.  The 
output  from  the  laser  cavity  was  analyzed  by  a  0.25-m  mono¬ 
chromator  and  monitored  by  a  germanium  photodiode  de¬ 
tector.  The  output  of  the  detector  was  displayed  on  a  fast 
oscilloscope.  No  dispersive  element  was  placed  in  the  cavity 
and  the  laser  operated  in  a  free-running  pulsed  mode. 

Pulsed  laser  operation  was  readily  obtained  for  pump¬ 
ing  at  or  above  the  lasing  threshold  of  2.2  m  J.  A  single  output 
laser  pulse  was  obtained,  implying  a  gain-switched  operation 
is  a  consequence  of  pump-pulse  duration  being 
sborrr  then  the  tasaf  -M  lifetime-  The  amplitude  and  du- 
nryrr\  d  the  laser  pohe  varied,  as  expected,  with  the  pube- 
topohe  energy  floctaatkm  of  tht  pomp  laser.  The  output 
■  rtn.rtehr  senritriwe  even  to  a  small  misalignment  of  the 
cavity,  or  insertion  of  a  glass  plate  (8%  loss)  in  the  cavity. 

The  temporal  profile  of  the  Cr3  +  :Mg2  Si04  laser  pulse  is 
shown  in  Fig.  3(a),  and  fluctuations  in  its  amplitude,  dura¬ 
tion,  and  delay  with  respect  to  the  pump  pulse  are  displayed 
in  Fig.  3(b).  The  temporal  duration  ( FWHM )  of  the  output 
laser  pulse  varied  from  200  ns  at  the  threshold  to  100  ns  at 
2.4  times  the  threshold  energy.  The  delay  between  the  peak 
of  the  pump  pulse  and  the  peak  of  the  Cr3  +  :Mg2Si04  laser 
pulse  also  varied,  as  expected,  with  pump-pulse  energy,  from 
700  ns  at  the  threshold  to  200  ns  at  2.4  times  the  threshold 
energy.  This  indicates  that  the  laser  cavity  is  highly  lossy, 
and  several  hundred  round  trips  are  required  to  build  up  the 
laser  oscillation  in  the  cavity. 

The  laser  threshold  and  slope  efficiency  were  measured 
for  the  cavity  used  in  this  experiment  and  the  data  are  dis¬ 
played  in  Fig.  4.  The  laser  oscillation  starts  to  build  up  at  an 
absorbed  input  energy  of  2.2  mJ.  The  measured  slope  effi- 


(b) 


FIG.  3.  Temporal  profile  and  delay  with  respect  to  the  pump  pulse  of  the 
Cri^MgjSiO*  laser  pulse:  (a)  a  single  pulse  for  pump  energy  1.7  times  the 
threshold  energy;  and  (b)  three  pulses  for  pump  energies  near  (right), 
twice  (middle),  and  2.4  times  (left)  the  threshold  energy.  The  narrow  pulse 
at  the  extreme  left  of  both  the  oscilloscope  traces  is  the  leakage  of  the  pump 
pulse.  For  this  measurement  the  monochromator  was  removed  and  filters 
were  adjusted  to  allow  a  small  leakage  of  pump  pulse.  The  time  and  voltage 
scales  are  100  ns/div  and  20  mV/div,  respectively. 

ciency  of  1.4%  is  rather  low,  and  indicates  large  losses  in  the 
cavity.  These  losses  include  ~  13%  reflection  loss  from  the 
uncoated  sample  surfaces,  scattering  from  inhomogeneities 
in  the  crystal,  and  a  large  mismatch  between  the  size  of  the 
pump  beam  and  the  Cr3  +  :Mg2  SiO*  cavity  modes  in  the 
sample. 

The  spectrum  of  Cr3  +  :Mg2Si04  laser  is  shown  in  Fig. 
5,  for  an  absorbed  pump  energy  of  3.4  mJ.  The  spectrum 
peaks  at  1235  nm  and  has  a  bandwidth  (FWHM)  of  22  run. 
The  wide  spectrum  of  the  laser  output  can  be  used  to  pro- 


FIG.  4.  Output  energy  of  Cri  *  :Mg2Si04  laser  as  a  function  of  input  energy. 
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FIG.  5.  Spectrum  of  free-running  Cr*  ^  :MgjSiO<  laser. 


duce  femtosecond  pulses.  The  spectral  range  is  limited  at  the 
high-energy  end  by  the  mirror  transmission  and  the  impuri¬ 
ty  absorption,  while  at  the  low-energy  end  by  the  mirror 
transmission  as  well  as  by  the  decrease  in  fluorescence  inten¬ 
sity.  Using  different  sets  of  mirrors,  laser  action  in  the  1.1- 
1.3  /zm  spectral  range  can  be  obtained. 

In  summary,  pulsed  laser  operation  has  been  obtained  in 
Cr3  +  :Mg2Si04  at  room  temperature.  The  laser  emission  is 
centered  at  1235  nm  and  has  a  bandwidth  of  —22  nm.  The 
spectral  range  for  laser  emission  is  expected  to  extend  from 
850  to  1300  nm  if  the  parasitic  impurity  absorption  may  be 
minimized  by  improved  crystal  growth  technique,  making  it 
one  of  the  most  widely  tunable  solid-state  lasers  in  this  spec¬ 
tral  region.  The  large  fluorescence  bandwidth  of  the  crystal 
promises  ultrashort  pulse  generation  through  mode-locked 
operation.  The  fluorescence  lifetime  of  15  /zs  is  suitable  for 
effective  energy  storage  and  high-power  ^-switched  oper¬ 
ation. 
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A  New  Tunable  Solid-State  Laser 


BY  V.  PITRICIVIC,  S.  X.  GA YIN 
AND  R.  R.  ALFANO 


The  eighties  have  been  a  decade  of  rapid  develop¬ 
ment  for  tunable  solid-state  lasers*  with  prog¬ 
ress  reaching  the  point  where  tunable  solid- 
state  lasers  are  making  headway  in  the  marketplace 
and  attracting  the  financial  community's  interest.  In 
the  area  of  laser  applications,  interest  in  tunable  solid- 
state  lasers  stems  from  their  many  advantages  over 
dye  lasers.  These  include  wide  wavelength  tunabilitv. 

A  new  iunabie  solid-state  laser 
of  chromium-activated  forsterite 
offers  wide  tunabiltty 

_ and  a  uariery  of  applications. _ 

compactness.  long  operational  lifetime,  rigidity  and 
ease  of  handling  —  all  of  which  make  them  highly  reli¬ 
able  and  extremely  suitable  for  spacebome  remote 
sensing,  ranging,  lidar  and  optical  communication 
applications. 

Tunable  solid-state  lasers  also  have  a  high  potential  for 
medical  applications  in  eye  surgery,  cutting  tissues, 
treating  birthmarks  and  removing  kidney  stones.  In¬ 
dustrial  applications  include  on-line  pollutant-emission 
monitoring  and  fiber  optic  communications  along  with 
basic  scientific  research. 

In  this  article,  we  will  introduce  a  new  tunable  solid- 
state  laser  system:  Chromium-activated  forsterite  (Cr3*: 
MgjSiOj.  which  has  uie  potential  for  tunability  from 
850 1 400nm  —  one  of  the  most  widely  tunable  laser  sys¬ 
tems  in  this  spectral  region.  Chromium-based  crystals 
that  are  known  to  lase.  cover  a  spectral  range  of  700 
1  lOOnm.  The  first  laser,  ruby,  operates  only  at  a  well  de¬ 
fined  wavelength  of  694.3nm.  Four  different  hosts  are 
necessary  to  cover  the  7001  lOOnm  range.  The  Cr3*: 
MgjSiO+  system  extends  the  range  further  into  the  in¬ 
frared  and  shows  promise  of  covering  most  of  the  range 
and  beyond. 

We  have  observed  pulsed  laser  action  in  Cr3*  at  room 
temperature.*  The  emission  is  centered  at  1235nm.  and 
has  a  bandwidth  (FWHM)  of  22nm.  In  the  following  sec¬ 
tions.  we  will  introduce  the  characteristics  of  the  host 
crystal,  present  the  basic  spectroscopic  properties  of  the 
system,  describe  the  laser  experiments  and  measure¬ 
ments.  and  point  out  the  possibilities  of  the  system. 

Forsterite.  like  alexandrite,  is  a  member  of  the  olivine 
family  of  crystals  and  is  a  naturally  occurring  gem.  The 
crystal  appears  different  when  looked  at  from  different 
directions.  Along  the  1 1001  axis  it  appears  to  have  a 
bluish  hue.  along  [010|  it  appears  violet,  while  along  the 
[00 1 1  axis  it  looks  greenish. 

Single  crystals  of  Cr^MgjSiO^  may  be  grown  by  the 
Czochralski  method.  The  crystal  is  easy  to  grow,  and 
large  crystals  (several  centimeters  long  and  about  a  cen- 
umeter  in  diameter)  are  readily  grown.  The  single  crystal 
of  Cr^MgjSiO.  used  for  spectroscopic  and  laser  action 
measurements  presented  in  this  article  was  grown  by 


the  Czochralski  method  at  the  Electronic  Materials  Re¬ 
search  Laboratory  of  the  Mitsui  Mining  and  Smelting  Co. 
Ltd.,  in  Japan.  The  crystal  Is  a  9mm  x  9mm  x  4.5mm 
rectangular  parallelepiped  with  the  three  mutually  or¬ 
thogonal  axes  oriented  along  the  b.  c  and  a  crystallogra¬ 
phic  axes  of  the  crystal.  The  crystal  contains  0.04  atomic 
percentage  of  Cr3*  ions,  which  Is  equivalent  to  a  chro¬ 
mium-ion  concentration  of  6.9  x  10**  ions/cm3. 

The  room-temperature  fluorescence  and  absorption 
spectra  of  Cr3  *  :MgjSl04  for  E  ||  b  crystallographic  axis  are 
shown  in  Figure  1.  The  fluorescence  spectrum  was  ex¬ 
cited  by  the  488 nm  radiation  from  an  argon-ion  laser 
and  recorded  by  a  germanium  photodiode  detector- lock- 
in-amplifier  combination  at  the  end  of  a  0.25m  mono¬ 
chromator  equipped  with  a  lOOOnm  blazed  grating.  The 
room-temperature  spectrum  is  a  broad  band  covering 
700*l400nm.  The  room-temperature  fluorescence  life¬ 
time  is  15wsec.  The  absorption  spectrum  is  characterized 
by  two  broad  bands  centered  at  740nm  and  460 nm  at¬ 
tributed  at  the  and  W,— -T.  absorption  transi¬ 

tions.  respectively*  of  the  Cr3*  ion.  The  broad  weak  ab¬ 
sorption  band  between  850-1 150nm  is  not  observed  -.n 
the  excitation  spectrum.  This  indicates  that  the  origin  of 
this  absorption  is  not  transitions  in  the  Cr3*  ion.  but  n 
some  other  impurity  ions,  e.g.,  Fe3*  in  the  host  crystal.* 
(t  is  evident  from  Figure  1  that  this  background  absorp¬ 
tion  overlaps  a  significant  spectral  region  of  Cr1  *  Mg,3iO 
emissions  and  inhibits  laiser  action  in  that  region.  3otn 
the  emission  and  absorption  spectra  ot  such  systems  de¬ 
pend  strongly  on  the  polarization  of  the  incident  ::gm 
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I  Figure  2. 

•  A  photograph  ot'che  laser  cavity  (left),  and  a  schematic  of  the  experimental  arrangement  for  investigating  laser  action  m  Cr 
\lg.5i0..  Key:  F  -  i'j60nm  blocking  filter.  F=532nm  blocking  infrared  transmuting  filter.  M  -  oack  mirror.  \1.  -  output 
|  mirror.  L  =  iens.  S  =  sample.  Oe  =  germanium  photodiode  detector.  M  -  monocnromator 


and  the  orientation  of  the  crystallographic  axes  :n  -he 
sample. 

Laser  action 

The  expenmental  arrangement  for  investigating  the 
laser  action  in  Cr*  Mg.SiO.  :s  shown  in  Figure  ‘2(a).  and 
■drawn  schematically  ;n  Figure  2(b).  The  sample  is  placed 
at  the  center  of  a  stable  resonator  formed  by  two  30cm- 
radius  mirrors  placed  20cm  apart.  The  mirrors  were  di¬ 
electric  coated  to  transmit  the  532nm  pump  beam,  and 
:o  have  high  reilecuvity  in  the  Ii50-I250nm  spectral 
range.  It  should  be  noted  that  this  spectral  region  does 


not  correspond  :o  the  peak  of  fluorescence  spectrum,  hut 
was  chosen  to  minimize  background  aosorption. 

The  sample  was  longitudinally  pumped  by  sreuuvrxv- 
doubled  532nm.  10ns  iFWHM)  pulses  from  a  Q-switvi*-  -1 
N'diYAG  laser  Quanta  Ray  DCR-i)  ©Derating  at  a  1 
repetition  rate.  The  pump  beam  was  lineariy  poiar..  . 
along  the  b  axis  and  propagated  along  the  a  axis  oi  »ne 
^ampie.  It  was  focused  3cm  beiore  the  sample  by  a 
25cm*focai-length  lens.  The  radius  of  the  pump  beam  at 
tne  center  of  the  sample  is  ^600um.  The  output  from  the 
laser  cavity  was  analyzed  by  a  0.25m  monochromator, 
monitored  by  a  germanium  photodiode  detector  and  dis- 


Picosecond/  Gigahertz 

Photodetectors  and  Diode  Laser  Systems 


Senes  PL  Diode  Lasers  generate 
ultrashort,  high  power  pulses  al 
all  popular  wavetengths. 

Applicattons  include: 

»  bandwidth  testing  of  optical 
fibers. 

•  Optical  receiver  testing. 

•  Optical  oscdtascope/streafc  camera 


Senes  AH  and  ARX  Photodetectars  a/e  used  to 
detect  uftrashort  puiaes  and  high  frequency 
modulated  CW  light 
Applications  inefude: 

Mode-locked  YAG/dye  laser  pulse  detection 
Putae  dispersion  measurements  in  optical 


OPTRONICS  ?NC. 


'f  you  are  looking  for  high-quality,  affordable 
oicosecona/giganertz  phot  ©detectors  and  diode  laser 
systems,  please  contact  Ante!  for  complete  technical  infor¬ 
mation  and  onces. 

i32SB  MAINWAY  »  9URUNGTQN,  QNTAfllQ  »  CANAOA  »  l TM  ’  *6 
"=LEPHONE  416/335*5507  TELEX  061-3409  HAM  FAX  416/335-5 '41 
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ADVERTISEMENT 

MORE  NEW 
PRODUCTS 
FROM  PULNIX 


ASYNCHRONOUS  RESET. 
VARIABLE  SHUTTER  AND 
INTEGRADABLE  CCD 


The  PULNIX  TM-845  camera  fea¬ 
tures  a  high  resolution  (800  x 
492  pixel)  frame  transfer  CCD 
imager.  The  TM-845  oilers  both 
variable,  asynchronous  shutter¬ 
ing  and  random  image  integra¬ 
tion  in  an  extremely  small  (1.25" 
x  1.75"  x  5.50"  camera.  Sync 
is  intemal/extemal. 

Options  include  an  external 
shutter  control  and  a  Peltier  cool¬ 
ing  attachment  for  optimum  im¬ 
aging  in  the  integration  mode.  A 
CCIR  version  (TM-865)  will  be 
available  soon. 


REMOTE  IMAGER 
CCD  CAMERA 


The  PULNIX  TM-540R  remote  ima¬ 
ger  CCD  camera  permits  mounting 
of  the  lens/imager  assembly  within  a 
very  confined  area.  The  510  x  492 
pixel  imager  is  attached  to  the  mam 
<^iera  module  by  a  48"  flexible  ca- 
rble  •  which  carries  all  video  and 
power.  The  TM-540R  comes  stan¬ 
dard  with  48"  remote  (84"  maxi¬ 
mum  distance!:  shorter  distances 
are  available  by  custom  order. 

To  facilitate  mounting,  different 
versions  of  the  imager  module  are 
offered.  The  TM-540R  uses  C*mount 
or  special  miniature  lenses  and  ac¬ 
cepts  external  sync. 


PULNIX  Offers  the  Most  Complete  Selection 
of  Array  Sizes  Anywhere. 

~  Choose  the  Right  Camera 

PULTtfX  Is  a  leader  In  supplying  the  highest  resolution  solid-state 
cameras  in  miniaturized  packages.  Our  new  TM-840  CCD  camera 
features  a  lull  800  x  492  frame  transfer  array  in  a  tiny,  lightweight 
enclosure.  We  understand  that  truly  cost-effective  Imaging  systems 
never  pay  for  unused  resolving  power.  That's  why  we  offer  a  full  line  of 
anray  types  to  meet  your  exact  cost/perfotmancc  specifications. 


Cameras  Built  tour  Why 


Many  of  our  Innovative  miniature  cameras  were  developed  In  response  to 
speriat  customer  needs.  Custom  frcttxy  adjustments  interfeces,  cables, 
an*  enclosures  are  part  of  our  everyday  sendee.  Our  appticadons 
engineers  are  eager  to  assist  you  In  providing  the  camera  best  suited  for 


ymr  system. 

American  Made 

Our  03.  manufacturing  frdtfty  has  Just  expanded  to  better  serve  our 
curtomeis.  We  now  have  cwn  greater  fiexfbOfty  to  detiier  the  camera  you 
want  whether  ft's  off  the  shetf  or  custom  engineered. 


m^AskrorOnLatestCatatog 

The  cameras  shown  above  are  just  some  of  our  many  video  cameras  and 
accessories.  We  stock  dozens  of  different  monochrome  and  color  sotid- 
state  array  and  linear  array  cameras,  miniature  and  standard  lenses. 
Alters,  close-up  attachments,  enclosures,  and  paver  supplies.  Call  our 
toll-ftee  number  today  for  a  comprehensive  catalog  ad  Anther  Information. 
All  Cameras  Teature  A  full  Three- Yfear  Wmrantyi 


The  Company  With  Vision 


PULMX  America.  Inc.  7 70- A  Lucerne  Drive.  Sunnyvale.  CA  94086 
Call  TbU-rree  800-445-5444 
TW:  4O0-753-  X56O  Tbu  172541  Tax:  406-737-2966 
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TECHNOLOGY 


piayed  on  a  fast  oscilloscope.  .\o  dispersive  element  *.vas 
piaced  :n  :r.e  cavity  and  the  laser  operated  :n  a  iree*  run¬ 
ning  puisea  moae. 

Pulsed  laser  operation  was  readily  obtained  :or  pump¬ 
ing  it  or  above  :he  iasing  threshold  energy  of  2.2mJ.  A 
single  output  .aser  pulse  was  obtained,  implying  a  gain- 
switched  operation,  a  consequence  of  pump-pulse  dura- 
•;on  being  shorter  than  the  lasing-level  lifetime. 

The  spectrum  peaks  at  1235nm  and  has  a  bandwidth 
FWHM1  of  25nm.  The  measured  slope  efficiency  is  ^  1.5 
percent  for  the  cavity  configuration  described  above. 
With  an  optimized  cavity,  we  expect  the  slope  efficiency 
co  increase  substantially.  We  have  observed  laser  action 
in  this  crystal  for  £  ;|  a  and  c  axes  as  well.  This  appears  to 
be  a  unique  property  of  this  system,  since  most  of  the 
systems,  including  alexandrite.  lase  in  only  one  preferred 
direction. 

The  chromium-activated  forsterite  system  has  a  high 
potential  to  be  a  very  useful  and  practical  laser  system  in 
opucai  communications  and  ranging.  The  spectral  range 
for  laser  emission  is  expected  to  extend  from  850 
1400nm  if  the  parasitic  impurity  absorption  can  be  mini¬ 
mized  by  improving  the  crystal  growth  technique.  The 
output  at  the  low-energy  end  of  this  laser  is  of  particular 
importance  for  transmission  through  optical  fibers  and 
eye- sale  ranging.  The  large  fluorescence  bandwidth 
promises  uitrashort  pulse  generation  through  mode- 
locked  operation.  Since  large  crystals  can  be  readily 
grown,  the  system  may  be  used  as  an  amplifier  medium 
:n  the  near  infrared  region  as  well.  Z 
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Judson  HgCdTe  Detectors 

An  assembly  of  high  performers. 


The  Judson  reputation  for  high  quality,  high  performance  PC  HgCdTe  IR 
detectors  didn't  just  happen  overnight,  it  was  built  on  our  ability  to  work  ^ 
with  and  meet  each  customer's  requirements  by  assisting  in  the  selectiorP^ 
of  an  IR  device  to  provide  optimum  performance  at  a  specific  wavelength. 

Detector  Specifications: _ Applications: _ 

•  Wavelength  response:  2-22  •  Thermal  Imaging 

•  Packages:  ♦  C02  Laser  Detection 

Metal  and  Glass  Dewars  (77*  K)  *  Missile  Guidance 
Thermo-electric  (240*  K  or  200*  K)  •  FT1R  Spectroscopy 
JouleThomson  Cryostats  (77*  K) 

•  Sizes:  0.025  mm— 4.0  mm  square 

Call  Judson  today  at  (215)  368-6900  for  more  information  on  our  HgCdTe 
detectors  and  our  complete  line  of  IR  devices,  including  Ge  (0.3-1  8 
micrometers),  InAs  (1-3.5  micrometers)  and  InSb  (1-5.5  micrometers). 
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ROOM  TEMPERATURE  VIBROHIC  LASER  ACTION  IH  Cr3*:Mg2SiO„ 

V.  Petrlcevic,  S.  K.  Gayen  and  R.  R.  Alfano 
Institute  for  Ultrafast  Spectroscopy  and  Lasers 
Photonics  Application  Laboratory 
Departments  of  Physics  and  Electrical  Engineering 
The  City  College  of  New  York 
New  York,  NY  10031 
and 

Klyoshi  Yamagishi  and  Kazuo  Moriya 
Electronic  Materials  Research  Laboratory 
Mitsui  Mining  and  Smelting  Co.  Ltd. 

1333-2  Haraichi,  Ageo-Shi 
Saitama  362,  Japan 

Abstract 


Room  temperature  vibronlc  laser  action  in  trivalent  chromium  ion-doped  forsterite  (Cr3  +  :Mg2S10J  is  reported 
for  the  first  time.  The  free  running  pulse  laser  emission  is  centered  at  1235  nm  of  the  broad  ',T3*"k3 
fluorescence  band  with  a  bandwidth  of  -  22  nm.  The  spectral  range  for  laser  emission  is  expected  to  cover 
the  800-1350  nm  range  if  the  parasitic  absorption  may  be  minimized,  making  it  one  of  the  most  widely  tunable 
solid  state  lasers. 


In  this  paper  we  present  the  first  room  temperature  vibronlc  pulsed  laser  operation  of  Cr,v-doped 
forsterite  (CrNiMg^iOj.  Forsterite  is  a  naturally  occurring  gem1*2  which  can  be  grown  by  the  Czochralski 
method.*  The  single  crystal  of  Cr1+:MgaSiO„  used  for  spectroscopic  and  laser  action  measurements  was  grown  at 
the  Electronic  Materials  Research  Laboratory  of  the  Mitsui  Mining  and  Smelting  Co.,  Ltd.,  Japan.  The  crystal 
is  a  9  mm  x  9  mm  x  4.5  mm  rectangular  parallelepiped  with  the  three  mutually  orthogonal  axe3  oriented  along 
the  b,  c  and  a  crystallographic  axes  of  the  crystal.  The  crystal  contains  0.04  at.J  of  Cr,+  ions,  which  is 
equivalent  to  a  chromium  Ion  concentration  of  6.9x10**  ions/cm\ 


The  room-temperature  fluorescence  and  absorption  spectra  of  Cr1+:Mg2Si0i,  for  E  II  b  crystallographic  axis 
are  3hown  in  Fig.  1.  The  fluorescence  spectrum  of  Cr1+:Mg2SiO.,  was  excited  by  the  488-nm  radiation  from  an 
argon-ion  laser  and  recorded  by  a  germanium  photodiode  detector-lock-in-amplifier  combination  at  the  end  of  a 
0.25-m  monochromator  equipped  with  a  1000-nm  blazed  grating.  The  room-temperature  spectrum  i3  a  broad  band 
covering  the  wavelength  range  700-1400  nm.  The  room-temperature  fluorescence  lifetime  is  15  us. 
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Fig.  \  Absorption  and  fluorescence  spectra  of  Cr’^tMgjSiO..  at  room  temperature.  Both  the  spectra  were  taken 
for  £  II  b-axls  and  excitation  along  a-axis.  The  thickness  of  the  sample  along  a-axis  is  4.5  mm. 

The  absorption  spectrum  was  taken  with  a  Perkin-Elmer  Lambda-9  spectrophotometer  along  the  4.5-mm  path 
length  of  the  sample.  It  is  characterized  by  two  broad  bands  centered  at  740  nm  and  460  nm  attributed  the 
-A2VT2  and  "A^T,  absorptive  transitions,  respectively,  of  the  Cr1+  ion.  The.  broad,  weak  absorption  band 
between  850-1150  nm  is  not  observed  in  the  excitation  spectrum.1  This  Indicates  that  the  origin  of  this 
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absorption  is  not  transitions  In  Cr1*  ion,  but  in  some  other  impurity  ions,  e.g.,  Fe5*  in  the  host  crystal."  It 
is  evident  from  Fig.  1  that  this  background  absorption  overlaps  a  significant  spectral  region5  of  Cr,+  :Mg25iO., 
emission,  and  Inhibits  laser  action  in  that  region. 

The  experimental  arrangement  for  investigating  the  laser  action*  in  Crs+:MgaSiO„  consisted  of  a  stable 
resonator  formed  by  two  30-cm-radius  mirrors  placed  20  cm  apart.  The  mirrors  were  dielectric  coated  to 
transmit  the  532-nm  pump  beam,  and  to  'have  high  reflectivity  in  the  1150-1250  nm  spectral  range.  The 
reflectivity  of  the  back  mirror  is  99.9 1,  while  that  of  the  output  mirror  is  -  93 1  for  normal  incidence  over 
the  specified  wavelength  range.  It  is  to  be  noted  that  this  spectral  region  does  not  correspond  to  the  peak 
of  the  fluorescence  spectrum,  but  was  chosen  so  that  the  background  absorption  is  minimal.  The  sample  was 
longitudinally  pumped  by  frequency-doubled  532-nm,  10-ns  full-width-at-half-maximum  (FWHM)  pulses  from  a  Q- 
switched  Nd: YAG  laser  (Quanta  Ray  OCR-1)  operating  at  a  10-Hz  repetition  rate,  employing  an  unstable  resonator 
configuration.  The  pump  beam  was  linearly  polarized  along  the  b  axis  and  propagated  along  the  a  axis  of  the 
sample.  It  was  focused  3  cm  before  the  sample  by  a  25-cm-focal-length  lens.  The  radius  of  the  pump  beam  at 
the  center  of  the  sample  is  -  600  urn.  The  output  from  the  laser  cavity  was  analyzed  by  a  0.25-m 
monochromator  and  monitored  by  a  germanium  photodiode  detector.  The  output  of  the  detector  was  displayed  on 
a  fast  oscilloscope.  No  dispersive  element  was  placed  in  the  cavity  and  the  laser  operated  in  a  free-running 
pulsed  mode. 

Pulsed  laser  operation  was  readily  obtained  for  pumping  at  or  above  the  lasing  threshold  of  2.2  mJ.  A 
single  output  laser  pulse  was  obtained,  implying  a  gain-switched  operation  which  is  a  consequence  of  pump- 
pulse  duration  being  shorter  than  the  lasing-level  lifetime.  The  amplitude  and  duration  of  the  laser  pulse 
varied,  as  expected,  with  the  pulse-to-pulse  energy  fluctuation  of  the  pump  laser.  The  temporal  duration 
(FWHM)  of  the  output  laser  pulse  varied  from  200  ns  at  the  threshold  to  100  ns  at  2.H  times  the  threshold 
energy.  The  delay  between  the  peak  of  the  pump  pulse  and  the  peak  of  the  Crs+:Mg2S10,.  laser  pulse  also  varied 
•  with  pump-pulse  energy,  from  700  ns  at  the  threshold  to  200  ns  at  2.*l  times  the  threshold  energy.  This 
indicates  that  the  laser  cavity  is  highly  lossy,  and  several  hundred  round  trips  are  required  to  build  up  the 
laser  oscillation  in  the  cavity. 

The  laser  threshold  and  slope  efficiency  were  measured  for  the  cavity  U3ed  in  this  experiment  and  the  data 
is  displayed  in  Fig.  2.  The  laser  oscillation  starts  to  build  up  at  an  absorbed  input  energy  of  2.2  mJ.  The 
measured  slope  efficiency  of  1.U*  is  rather  low,  and  indicates  large  losses  in  the  cavity.  These  losses 
include  -  13*  reflection  loss  from  the  uncoated  sample  surfaces,  scattering  from  inhomogenetles  in  the 
crystal,  and  a  large  mismatch  between  the  size  of  the  pump  beam  and  the  Cr^MgjSiO*  cavity  modes  in  the 
sample. 


ABSORBED  PUMP  ENERGY  (mJ) 

Fig.  2  The  output  energy  of  Cr,+:Mg2SiO„  laser  as  a  function  of  input  energy. 

The  spectrum  of  Crs+:Mg23iO..  laser  is  shown  in  Fig.  3,  for  an  absorbed  pump  energy  of  3*1*  mJ.  The  spectrum 
peaks  at  1235  nm  and  has  a  bandwidth  (FWHM)  of  22  nm.  The  spectral  range  is  limited  at  the  high  energy  end 
by  the  mirror  transmission  and  the  impurity  absorption,  while  at  the  low  energy  end  by  the  mirror  transmission 
as  well  as  by  the  decrease  in  fluorescence  intensity. 
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Fig*  3  The  spectrum  of  free-running  Cr,+  iMgaSiO^  laser  for  the  resonator  conf iguration  described  in  the  text. 

In  summary,  pulsed  laser  operation  has  been  obtained  in  Cr*+:MgaS10H  at  room  temperature.  The  laser 
emission  is  centered  at  1235  nm  and  has  a  bandwidth  of  -  22  nm.  The  spectral  range  for  laser  emission  is 
expected  to  extend  from  850-1300  nm  if  the  parasitic  absorption  may  be  minimized  by  improved  crystal  growth 
technique,  making  it  one  of  the  most  widely  tunable  solid  state  lasers  in  this  spectral  region.  The  large 
fluorescence  bandwidth  of  the  crystal  promises  ultrashort  pulse  generation  through  mode  locked  operation. 

The  research  is  supported  by  National  Aeronautics  and  Space  Administration,  Army  Research  Office,  Hamamatsu 
Photonics  KK  and  CCNY  Organized  Research. 
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Recently,  we  reported1-3  room-temperature  pulsed  laser 
action  in  chromium-activated  forsterite  (Cr:Mg2Si04).  The 
free-running  laser  output  was  centered  at  1235  nm  with  a 
spectral  bandwidth  (full  width  at  half-maximum,  FWHM)  of 
22  nm.  The  laser  emission  was  stimulated  by  the  532-nm 
excitation  of  the  green-red  absorption  band  of  the  system. 
The  crystal  is  characterized  by  a  shallow  absorption  band 
spanning  the  850-1200-nm  wavelength  range,  which  over¬ 
laps  a  significant  portion  of  the  emission  spectrum  and  was 
previously  thought  to  inhibit  laser  action  in  that  region.  In 
this  communication,  laser  action  in  chromium-doped  for¬ 
sterite  for  1064-nm  excitation  of  this  band  is  reported.  The 
near  infrared  absorption  thus  turns  out  to  be  effective  in 
populating  the  initial  level  of  the  lasing  transition. 

The  absorption  and  fluorescence  characteristics  of  Cr:for- 
sterite  in  the  near  infrared  spectral  region  are  shown  in  Fig.  1. 
The  room-temperature  absorption  spectrum  is  a  double¬ 
humped  band  covering  the  850-1200-nm  wavelength  range. 
The  room- temperature  fluorescence  spectrum  extends  from 
1000  to  1400  nm  and  peaks  at  1140  nm.  At  liquid  nitrogen 
temperature  both  the  spectra  show  a  sharp  zero-phonon  line 
at  1093  nm  followed  by  elaborately  structured  vibrational 
sidebands.  A  detailed  analysis  of  the  vibrational  sidebands 
is  out  of  the  scope  of  the  present  paper  and  will  be  presented 
in  a  future  publication.  The  fluorescence  lifetime  is  15  ms  at 
room  temperature  and  20  ms  at  liquid  nitrogen  temperature. 

The  cavity  arrangement  used  for  obtaining  laser  action  in 
Cr:Mg2Si04  has  been  described  elsewhere.1  An  identical 
arrangement  was  used  in  this  measurement,  except  that  the 
separation  between  the  front  and  the  back  mirrors  was  40  cm, 
and  the  pump  beam  was  focused  5  cm  in  front  of  the  sample 
by  a  50-cm  focal-length  lens.  The  fundamental  and  second 
harmonic  emissions  from  a  Q-switched  Nd:YAG  laser 
(Quanta  Ray  DCR-1)  operating  at  a  10-Hz  repetition  rate 
were  used  for  excitation  of  the  near  infrared  and  visible 
bands,  respectively.  Pulsed  laser  action  was  readily  ob¬ 
served  for  both  the  1064-  and  532-nm  pumping  at  or  above 
the  respective  thresholds.  To  switch  from  one  pump  wave¬ 
length  to  the  other,  one  merely  had  to  change  a  filter  in  the 
beam  path  to  transmit  the  desired  wavelength  and  block  the 
other.  The  amplitude  and  duration  of  the  CriMg^iO*  laser 


Fig.  1.  Near  infrared  absorption  spectrum  and  fluorescence  spec¬ 
trum  for  1064-nm  excitation  of  CriMg^iO*  at  room  temperature 
(solid  line)  and  liquid-nitrogen  temperature  (broken  line)  for  E|(6 
axis.  The  crystal  contains  0.04  at%  of  Cr  ions  and  has  a  thickness  of 
4.5  mm  along  the  excitation  direction. 


Fig.  2.  Output  energy  of  Cr.Mg2Si04  laser  as  a  function  of  input 
energy  for  (a)  1064-nm  pumping,  and  (b)  532-nm  pumping. 


TaMe  L  Prcyrtfr;  of  User  Emlarton  ter  the  Two  Excitation  Wavelengths 


Property 

Value  at  the  excitation 
wavelength 

1064  nm 

532  nm 

Lasing  threshold  (absorbed  energy) 

1.25  mJ 

1.37  mJ 

Slope  efficiency 

1.8% 

1.4% 

Spectral  bandwidth  (FWHM) 

25  nm 

22  nm 

Center  wavelength 

1235  nm 

1235  nm 
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Fig.  3.  Spectra  of  free  running  Cr:Mg2SiO<  laser  for  (a)  1064-nm 
pumping  and  (b)  532-nm  pumping. 


pulse,  as  well  as  its  delay  with  respect  to  the  pump  pulse, 
varied  as  expected  with  the  pulse-to-pulse  energy  fluctua¬ 
tion  of  the  pump  pulses.  However,  for  a  similar  level  of 
excitation  and  within  the  time  resolution  of  the  experiment, 
there  was  no  appreciable  difference  in  the  delay  between  the 
pump  pulse  and  the  output  laser  pulse  for  the  two  pump 
wavelengths.  The  laser  thresholds  and  slope  efficiencies  for 
the  two  excitation  wavelengths,  1064  and  532  nm,  are  shown 
in  Fig.  2.  The  spectra  of  the  free-running  laser  for  pumping 
at  1064  and  532  nm  are  displayed  in  Figs.  3(a)  and  (b), 
respectively.  Table  I  summarizes  and  compares  the  charac¬ 


teristics  of  laser  emission  for  the  two  excitation  wavelengths. 

The  close  similarity  of  laser  parameters  clearly  indicates 
that  the  infrared  band  is  responsible  for  laser  action  for  both 
the  532-  and  1064-nm  excitations.  For  532-nm  pumping 
there  is  a  fast  transfer  of  excitation  from  the  levels  directly 
pumped  to  the  lasing  level.  Chromium-activated  forsterite 
thus  has  the  useful  property  that  it  can  be  pumped  by  the 
fundamental  of  NdtYAG  or  Ndrglass  lasers,  and  no  frequen¬ 
cy  doubling  is  necessary.  A  detailed  understanding  of  the 
spectroscopic  properties  that  lead  to  this  behavior  of  this 
system  is  an  interesting  problem  and  will  be  presented  in  an 
upcoming  publication. 

We  thank  K.  Yamagishi  of  Mitsui  Mining  and  Smelting 
Co.  of  Japan  for  providing  us  the  Cr:Mg2Si04  crystals  used  in 
this  study.  The  research  is  supported  by  National  Aeronau¬ 
tics  and  Space  Administration,  Army  Research  Office,  and 
City  College  of  New  York  Organized  Research. 

Note  added  in  proof:  We  obtained  cw  laser  action  in  chro¬ 
mium-activated  forsterite  pumping  with  1064-nm  cw  radia¬ 
tion  from  a  Nd:  YAG  laser.  Using  a  single  plate  birefringent 
filter  in  pulsed  mode,  tuning  over  1167-1270  nm  range  has 
also  been  demonstrated. 
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Room-temperature  pulsed  laser  action  has  been  obtained  in  chromium-activated  fc-*  terite 
fCr:Mg2SiOj)  for  excitation  of  the  near-infrared  absorption  band  of  the  system  ny  lie  1064 
nm  radiation  from  a  Nd:YAG  laser.  The  characteristics  oflaser  emission  are  similar  to  those 
observed  for  532  nm  pumping.  It  is  suggested  that  the  laser  action  is  due  to  a  ":em»*r'*  other 
than  the  trivaJent  chromium  (Cf3*),  presumably  the  tetravalent  chromium  fCr '*  ' ■ 


Recently,  we  reported1-1  room-temperature  pulsed  la¬ 
ser  action  in  chromium-activated  forsterite  (CrrMgjSiOj). 
The  free-running  laser  output  was  centered  at  1235  nm  with 
a  spectral  bandwidth  of  22  nm.  The  latter  emission  was 
stimulated  by  the  532  nm  excitation  of  the  green-red  absorp¬ 
tion  band  of  the  system.  This  absorption  band,  together  with 
the  one  in  the  blue  spectral  region,  originates  from  transi¬ 
tions  between  crystal-fieicl-split  states  of  the  Cr*  *  ion.  The 
origin  of  the  shallow  absorption  band  spanning  the  850- 
1200  nm  wavelength  range  has  not  been  determined  with 
any  certainty,  and  was  tentatively  attributed  to  other  impu¬ 
rity  ions/  This  absorption  band  overlaps  a  significant  por¬ 
tion  of  the  emission  band  of  the  system  and  inhibits  laser 
action  in  that  region.  Identical  absorption  bond  has  been 
observed  in  gadolinium  scandium  gallium  garnet  crystals 
codoped  with  trivalent  chromium  and  neodymium  ions 
( GSGG:Nd3  *.  Cr3  *  ).5’7  The  chromium  ion  in  this  crystal 
acts  as  an  efficient  sensitizer  of  Nd3*  emission,  resulting  in 
about  a  factor  of  two  improvement  in  lasing  efficiency  rela¬ 
tive  to  the  Nd‘*:YAG  crystal."*’  The  near-infrared  absorp¬ 
tion  acts  as  a  significant  loss  mechanism  for  Nd3*  emission 
in  codoped  GSGG  crystal  and  impedes  the  full  potential  of 
the  sensitization  process.  The  "center"  responsible  for  this 
infrared  absorption  has  been  considered  to  be  a  nuisance, 
and  efforts  have  been  made  to  get  rid  of  this  center  by  im¬ 
proving  the  crystal  growth  technique,  or  annealing  the  crys¬ 
tal  in  reducing  atmosphere. 1 1  In  this  letter  we  report  for  the 
first  time  on  laser  action  in  chromium-doped  forsterite 
pumped  by  1064  nm  radiation  and  present  evidence  that  in 
chromium-doped  forsterite  the  near-infrared  active  "cen¬ 
ter"  is  responsible  for  laser  action.  Absorption,  emission, 
and  lasing  properties  of  this  "center"  are  presented,  ^ye  sug¬ 
gest  that  the  center  may  be  a  Cr4*  ion  in  a  tetrahedral  site. 

The  absorption  and  fluorescence  spectra  of  the  center  in 
the  near-infrared  spectral  region  are  shown  in  Figs.  I  and  2. 
respectively.  The  room-temperature  absorption  spectrum  is 
a  double-humped  band  covering  the  850-1200  nm  wave¬ 
length  range.  The  room-t<*mperature  fluorescence  spectrum 
extends  from  1000  to  1400  nm  and  peaks  at  M40  nm.  At 
liquid-nitrogen  temperature  both  the  spectra  show  a  sharp 
zero -phonon  line  at  1093  nm  followed  by  elaborately  struc¬ 
tured  vibrational  sidebands.  A  detailed  analysis  of  the  vibra¬ 
tional  sidebands  is  out  of  the  scope  of  the  present  letter  and 
will  be  presented  in  a  future  publication.  The  fluorescence 


lifetime  is  15  /is  at  room  temperature  and  20  fts  at  liquid- 
nitrogen  temperature. 

The  cavity  arrangement  used  for  obtaining  laser  action 
in  CrtMgjSiO*  has  been  described  elsewhere.1  An  identical 
arrangement  was  used  in  this  measurement,  except  that  t he 
separation  between  the  front  and  the  back  mirrors  was  4) 
cm.  and  the  pump  beam  was  focused  5  cm  in  front  of  the 
sample  by  a  50  cm  focal  length  lens.  The  fundamental  and 
the  second- harmonic  emissions  from  a  </-switched  Nd:  YAG 
laser  (Quanta  Ray  OCR- 1 )  operating  at  a  10  Ifz  repetition 
rate  were  used  for  excitation  of  the  near  infrared  and  the 
visible  bands,  respectively.  Pulsed  laser  action  was  readily 
observed  for  both  the  1064  nm  nnd  the  532  nm  pumping  at  or 
above  the  respective  thresholds.  To  switch  from  one  pump 
wavelength  to  the  other,  one  merely  had  to  change  a  filter  in 
the  beam  path  to  transmit  the  desired  wavelength  and  block 
the  other.  The  amplitude  and  duration  of  the  Cr:MgjStO< 
laser  pulse,  as  well  as  its  delay  with  respect  to  the  pump 
pulse,  varied,  as  expected,  with  the  pulse-lo-puise  energy 
fluctuation  of  the  pump  pul::es.  However,  for  a  similar  level 
of  excitation  and  within  the  time  resolution  of  the  experi¬ 
ment.  there  was  no  appreciable  difference  in  the  delay 
between  the  pump  pulse  and  the  output  laser  pulse  for  the 
two  pttmp  wavelengths.  TV  laser  thresholds  and  slope  effi¬ 
ciencies  for  the  two  excitation  wavelengths.  1064  and  532 
nm.  are  shown  in  Fig.  3.  The  spectra  of  the  free-running  laser 
for  pumping  at  1061  and  53!  nm  are  displayed  in  Figs.  4(  a ) 
and  4(b),  respectively.  Table  I  summarizes  and  compares 


FIO.  1 .  Near-infrared  atwmpttm  of  Cr  Me,SiOt  at  room  irmrerm 
ture  («olid  line)  anti  iHtukt-nitn^cn  letnpefaitirr  ibmken  line)  fnc  f*i!& 
axis.  The  crystal  commits  0.04  m  nf  Cr  iims  mid  Ins  .1  thickness  nf  4  5 
mm  along  the  excitation  direction. 
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FTO.  2.  Nexr-infrtrrt  fltwteacence  jpectr*  of  Cr.Mt.S10,  at  room  tem- 
pcntare  *wd  rtqmd-firtrogtn  temperatore  for  1064  nm  exeitttkm. 


the  characteristics  of  laser  emission  for  the  two  excitation 
wavelengths. 

The  data  presented  so  far  clearly  indicate  that  the  same 
center  is  active  in  laser  action  for  both  the  532  nm  and  1064 
nm  excitations.  For  the  532  nm  pumping  there  is  a  fast  trans¬ 
fer  of  excitation  from  the  levels  directly  pumped  to  the  lasing 
level.  The  absorption  at  532  nm  and  for  that  matter,  the 
entire  red-green  band  has  been  attributed  to  4T.  transi¬ 

tions  in  Cr’ f  ion.u°  If  that  is  the  case;  then  the  <JR  4*  ions 
act  as  a  sensit  w.  rapidly  and  efficiently  transferring  energy 
to  the  lasing  center.  However,  the  lasing  center  itself  may 
have  a  higher  lying  absorption  band  that  overlaps  theCr*"" 
absorption  in  the  red  green  spectral  region.  Similar  contri¬ 
butions  to  absorption  in  this  spectral  region  have  indeed 
been  suggested  for  Cr4*  in  GSGG.,f  and  for  isodectronic 
Vs*  in  corundum.’1  The  growth  of  population^  the  lasing 
level  for  532  nm  pumping  will  then  be  due  (6  vibrational 
nonradiative  transitions  which  are  very  ^ast;,,  Probably, 
both  the  interbaitd  nonradiative  transitions,  and  the 
CRJ*  —  lasing  center  energy  transfer  are  effective  in  popu¬ 
lating  the  lasing  level  for  excitation  in  the  visible.  However, 
for  the  1064  nm  pumping*  the  lasing  band  is  directly  popu¬ 
lated. 

The  key  question  that  remains  to  be  answered  is,  what  is 
the  origin  of  this  lasing  center.  Trivalent  chromium  enters 
the  forsterite  crystal  in  two  distinct  sites,  one  with  mirror 
(4/2)  and  theotherwith  inversion  (M I )  symmetry.  Gener¬ 
ally.  the  ions  in  the  mirror  sites  are  optically  active.  The 


F!0. 3.  Ootyat  energy  of  CnMgjSIO*  law  m  a  function  of  tnpw  energy  for 
(at  1064  m*  pnmpiny  tnd  (b)  532  ton  pwnpmf. 


FTO.  4.  SpeeimoffreenmningCrf  ff,S10,  laser  for  1064nmptrmpmc 

tad  (b>  532  nm  pampmf. 

polarized  absorption  spectra  of  chromium-activated  fomer* 
ite  have  been  analyzed'0  in  terms  of  Tanabe-  Sugano  formal¬ 
ism.14  and  no  infrared  absorption  band  is  predicted  for  Cr’ 4 
ions  in  mirror  dies.  For  Cr’ '  ions  in  inversion  sites,  even 
ligand  Held-induced  electric  -dipole  transitions  are  not  possi¬ 
ble.  Dynamic  interaction  with  lattice  vibrations  may  result 
in  transitory  reduction  of  inversion  symmetry,  making  tran¬ 
sitions  possible.  However,  snch  transitions  are  very  weak 
and  slow,  as  seen  for  Cr**  ions  in  inversion  sites  in  alexan¬ 
drite,  where  the  fluorescence  lifetime  is  —6*1  ms. 11  The  mea¬ 
sured  lifetime  of  1 5  /is  is  too  short  for  transitions  within  the 
states  of  a  Cr3*  ion  in  inversion  site,  ll  is  highly  unlikely  that 
the  infrared  absorption  is  due  to  the  Cr**'  ions  in  inversion 
site: 

Impurities  other  than  chromium  could  be  another  possi¬ 
bility.  Trivalent  iron  (Fe1  *)  is  a  commonly  occurring  impu¬ 
rity  in  olivines,  and  exhibits  a  similar  absorption  band  in  the 
near  infrared.  However,  the  low-temperature  spectrum  of 
iron  in  olivine  does  not  show  the  sharp-line  structure  as  ob¬ 
served  In  chromium-activated  forsterite:4  Chemical  analysts 
of  the  sample  did  not  indicate  sufficient  iron  content  to  ac¬ 
count  for  the  observed  absorption  either. 

A  similar  850-1200  nm  absorption  band  observed5”7  in 
Nd.CnGSGG  was  first  assumed*  to  be  due  to  Cr2*,  and 
Anally  has  been  attributed  to  Cr4*  centers.5  This  band  ap¬ 
pears  only  in  Cr-activaled  G?GG  crystals  and  never  in  un¬ 
doped  or  only  Nd-doped  crystals.  The  absorption  coefficient 
of  the  band  depends  on  the  cr>  stal  growth  condition  and  has 
been  observed*  to  vary  over  three  orders  of  magnitude  from  a 
high  of  2  cm  * 1  down  to  1  >:  10” 5  cm" 1  at  1061  nm.  the 


TABLE  1.  Prepertio  of  lexer  emttsiin  for  the  two  excitation  wnvetengthx. 
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v«t«e  «t  the  exettttioa  wavelength  of 

Property 

1064  nm 

532  mn 

Lawftf  threshold  t  abeovted  energy  ) 

1.25  ml 

1.37  mJ 

Slope  efBciency 

IS% 

wn 

Spectre!  bandwidth  ( PWHM) 

30  nm 

27  mn 

Center  weveiength 

»2JS  ntn 

1235  nm 
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vaveienetli  fnr  Nd  inser  ?mi"ion.  AOer  n  series  of  careful 
tests  for  impurities'’  and  analytical  chemistry  studies.'  these 
author?  established  a  correlation  between  the  strength  of  this 
absorption  and  the  level  of  divalent  calcium  impurity  in  the 
sample.  Divaient  calcium  appears  .is  an  impurity  in  scandi¬ 
um  oxide,  the  starting  material  for  growing  OSGG.  Also,  to 
promote  the  growth  of  garnet  crystals  a  small  amount  of 
calcium  oxide  is  sometimes  added  to  the  melt.  The  working 
hypothesis  here  is  that  the  C**2*  causes  Cr  *  to  change  to 
Cr1  * .  and  theCr4*  ion  on  a  tetrahedral  site  is  responsible  for 
the  near-infrared  absorption  in  question.  In  view  of  the  simi¬ 
larities  between  the  near-infrared  absorption  band  in  GSGG 
and  forsterite,  we  tentatively  assign  the  center  in  forsterite  to 
Cr4  *  ion  as  well.  The  role  of  Ca2*  is  presumably  played  by 
Mg2  v  in  forsterite.1*  Substitution  for  Si4  +  in  tetrahedrally 
coordinated  sites  is  less  frequent  but  possible. 17  and  may  lead 
to  tetrahedrally  coordinated  chromium  ions  in  forsterite. 
Another  possible  identity  of  the  lasing  center  may  be  the 
divalent  chromium  ion  (Cr2  * )  substituting  for  Mg2*  in  the 
inversion  {M 1 )  site.  It  has  been  indicated  that  in  distorted 
coordination  sites,  like  the  forsterite  M  1  site.  Cr2  *  may  oc¬ 
cur  and  be  stable.1**1*  According  to  the  prediction  of  the 
crystal  field  theory  such  a  center  may  account  for  the  ob¬ 
served  infrared  absorption.  The  exact  identification  of  the 
lasing  center  in  chromium-activaied  forsterite  still  remains 
an  interesting  problem  for  further  investigation. 

Note  added  in  proof.  We  have  obtained  cw  laser  action  in 
chromium-activated  forsterite  by  pumping  the  crystal  with 
1064  nm  radiation  from  a  cw  Nd:YAO  laser.  By  using  a 
'ingle-plate  bircfringent  filter  in  pulsed  mode,  tuning  over 
1 167-1345  nm  has  also  been  demonstrated. 

We  would  like  to  acknowledge  Dr.  Alex  Pertica,  and 
Dr.  John  Caird  of  Lawrence  Livermore  National  Laborato¬ 
ry  for  suggesting  that  the  infrared  absorption  may  be  due  to 
transitions  in  Cr4*,  and  Dr.  Roger  Belt  for  providing  a 
Cr.Nd:GSGG  crystal  and  for  heipfui  discussions.  We  thank 
K.  Yamagis hi  of  Mitsui  Mining  and  Smelting  Co.  of  Japan 
for  providing  us  the  Cr.Mg^iO,  crystals  used  in  this  study. 
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Bimodal  Q  distributions  for  the  intracavity  field  in  sin - 
gle-atom  intracavity  resonance  fluorescence.  The 
strength  of  the  quantum  fluctuations  is  inversely  propor¬ 
tional  to  the  size  of  the  system y  measured  by  the  number 
of  ca  \it}'  photons  needed  to  saturate  the  atomic  transi¬ 
tion.  Figures  (a)  and  (b)  are  plotted  for  saturation  pho¬ 
ton  numbers  of  one  and  five,  respectively. 


side  a  cavity.  Much  attention  has  been  paid  to  enhanced 
and  inhibited  spontaneous  emission  rates.  Actually,  cavity 
effects  are  much  more  diverse,  even  for  the  simplest  con¬ 
figuration  of  a  single  atom  transition.  With  cavity  and 
atomic  loss  included,  the  quantum  dynamics  of  this  cou¬ 
pled  system  depend  on  the  relative  sizes  of  three  parame¬ 
ters:  the  atomic  decay  rate,  the  cavity  decay  rate,  and  the 
coupling  strength  between  the  cavity  mode  and  the  atomic 
transition.  Work  at  the  University  of  Arkansas  seeks  to 
reach  a  global  understanding  of  these  dynamics.2'4'* 
Free-space  behavior  is  recovered  if  the  atom-field  cou¬ 
pling  strength  is  much  smaller  than  the  atomic  and  cavity 
decay  rates.  When  it  is  not,  the  quantum  statistics  can  dif¬ 
fer  markedly  from  free-space  resonance  fluorescence.  A 
notable  example  of  the  possible  behavior  is  the  existence, 
verified  by  Craig  Savage  at  the  Optical  Sciences  Center/ 
of  bimodal  states  of  the  intracavity  field.  This  is  a  single¬ 
atom  version  of  absorptive  optical  bistability.  Intracavity 
resonance  fluorescence,  therefore,  provides  a  quantized 
version  of  a  dissipative  nonlinear  dynamical  system.  It  can 
be  used  to  study  the  relationship  between  linear  micro¬ 
scopic  quantum  mechanics  and  macroscopic  nonlinearity, 
including  the  important  questions  that  surround  the  sub¬ 
ject  of  quantum  chaos. 
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Major  breakthrough  in 

TUNABLE  SOLID-STATE  LASERS 
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Chromium-doped  forsterite  (Cr:Mg2SiO<)  is  a  new 
member1*4  of  the  expanding  family  of  tunable  solid- 
state  lasers.5*7  Forsterite  is  a  member  of  the  olivine  family 
of  crystals  and  like  alexandrite,  and  emerald  is  a  naturally 
occurring  gem.  Laser  action  in  Cr: forsterite  has  been  ob¬ 
tained  for  excitation  by  both  the  fundamental  (1064  nm) 
and  the  second  harmonic  (532  nm)  radiation  from  a  Q- 
switched  NdrYAG  laser.  The  laser  emission  peaks  at  1235 
nm,  and  to  date  has  been  tuned  over  the  1 167-1270  nm 
wavelength  range.  In  this  review,  a  description  of  the  spec¬ 
troscopic  and  laser  properties  of  forsterite  laser  crystal  is 
presented. 
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Output  energy  of  Cr:Mg2$i04  laser  as  a  function  of  in* 
put  energy  for  (a)  1064  nm  pumping,  and  (b)  532  nm 
pumping . 


The  room-temperature  absorption  spectrum  of  the  crys¬ 
tal  is  characterized  by  three  bands.1  For  excitation  with 
light  polarized  along  the  b-axis  of  the  crystal,  these  bands 
span  the  360-520  nm,  600-800  nm,  and  850-1200  nm 
range.  The  600  to  800  nm  band  changes  dramatically  with 
the  polarization  of  the  incident  light,  while  the  other  two 
bands  exhibit  little  significant  change.  The  room-tempera¬ 
ture  fluorescence  spectrum  extends  from  600-1400  nm. 

At  liquid  nitrogen  temperature,  the  fluorescence  spec¬ 
trum  breaks  up  into  three  components  and  exhibits  sharp 
line  structures.  The  behavior  of  the  fluorescence  spectrum 
gives  an  indication  that  more  than  one  center  may  be  in¬ 
volved  in  the  absorption  and  emission  of  radiation  in  this 
crystal.  This  is  further  substantiated  by  the  wavelength- 
dependent  fluorescence  life-time  of  the  crystal.  The  room- 
temperature  fluorescence  lifetime  for  emission  around  701 
nm  is  75  psec  while  for  emission  in  the  lasing  region  it  is 
15  psec. 

Since  the  absorption  spectrum  of  the  crystal  overlaps 
with  a  significant  portion  of  thfc  emission  spectrum,  laser 
action  was  obtained  only  in  the  infrared  end,  where  the 
absorption  losses  are  minimum.  The  sample  was  placed  at 
the  center  of  a  stable  resonator  formed  by  two  30  cm  radi¬ 
us  mirrrors.  The  mirrors  were  dielectric  coated  to  transmit 
the  532  nm  and  1060  nm  pump  beams,  and  to  have  high 
reflectivity  in  the  1150-1250  nm  spectral  range.  Details  of 
the  cavity  configuration  have  been  presented  elsewhere.13 

The  sample  was  longitudinally  pumped  both  by  the 
1064  nm  fundamental,  and  the  532  nm  second-harmonic 
radiation  from  a  Q-switched  NdtYAG  laser.  Pulsed  laser 
action  was  readily  obtained  for  both  the  1064  nm  and  the 
532  nm  pumping  at  or  above  the  respective  thresholds. 
The  laser  thresholds  and  slope  efficiencies  for  the  two  exci¬ 


tation  wave-lengths,  1064  nm  and  532  nm,  are  shown  in 
the  figure.  The  table  summarizes  and  compares  the  char¬ 
acteristics  of  laser  emission  for  the  two  excitation  wave¬ 
lengths. 

To  date,  continuous  tuning  of  the  Criforsterite  laser  has 
been  obtained  over  the  1167-1270  nm  spectral  range.  A 
single-plate  birefringent  filter  is  used  as  a  dispersive  ele¬ 
ment  in  the  laser  cavity.  Continuous  wave  laser  operation 
was  achieved  using  a  chopped  cw  Nd:YAG  radiation. 

The  forsterite  crystals  were  provided  by  K.  Yamagishi  of 
Mitsui  Mining  and  Smelting  Co.  of  Japan.  The  research  is 
supported  by  Army  Research  Office,  National  Aeronau¬ 
tics  and  Space  Administration,  Hamamatsu  Photonics 
KJC,  and  City  College  of  New  York  Organized  Research. 
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ROOM-TEMPERATURE  OPERATION 
OF  THE  CO:  MGFz  LASER 
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Concord,  Mass 

The  Co:MgF2  laser  is  a  continuously  tunable  source 
for  the  mid-lR  covering,  to  date,  the  wavelength  re¬ 
gion  from  1500  to  2300  nm  at  cryogenic  temperature  and 
1750  to  2500  nm  at  room  temperature.  Laser  operation 
was  first  demonstrated  by  Johnson  et  al.1  using  flashlamp 
excitation.  Later  work  by  Moulton  resulted  in  the  devel¬ 
opment  of  both  cw2  and  pulsed  Q-switched3  operation 
using  laser  excitation.  However,  until  recently,  liquid-ni¬ 
trogen2  3  or  thermoelectric4  cooling  were  required  for  effi¬ 
cient  operation.  This  year,  we  reported  the  first  room-tem¬ 
perature,  pulsed,  normal-mode  operation  of  the  Co:MgFz 
using  laser  excitation.5  At  a  10-Hz  pulse-repetition- rate 
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Room-temperature  continuous-wave  laser  action  in  chromium-activated  forsterite  {Cr.Mg^iOJ  has  been  achieved 
for  longitudinal  pumping  in  a  nearly  concentric  cavity  by  the  1064-nm  radiation  from  a  cw  Nd:YAG  laser.  The  laser 
emission  is  centered  at  1244  nm  and  has  a  spectral  bandwidth  of  12  nm.  An  output-power  slope  efficiency  of  6.8%  is 
measured.  The  effective  emission  cross  section  is  estimated  to  be  M.l  X  10"19  cm2. 


Chromium-doped  forsterite  (Cr:Mg2Si(>4),  a  new 
member  of  the  family  of  tunable  solid-state  lasers,1  is 
emerging  as  a  useful,  important,  and  practical  laser 
system  for  operation  in  the  near-infrared  spectral  re¬ 
gion.  Recently  we  reported  room-temperature  pulsed 
laser  action  in  this  crystal  for  both  532-  and  1064-nm 
pumping.2-5  The  laser  emission  peaks  at  1235  nm  and 
is  continuously  tunable  over  the  1167-1345-nm  spec¬ 
tral  range.6  Successfully  operated  tunable  solid-state 
lasers  such  as  alexandrite,7  emerald,8  Cr:GSGG,9  and 
other  chromium-based  crystals,1  together  with 
Ti3+:Al203,l°  span  quite  a  different  spectral  range  of 
660-1090  nm.  Chromium-activated  forsterite  is 
unique  since  it  extends  the  spectral  range  further  into 
the  near  infrared  to  1345  nm.  The  most  remarkable 
feature  of  the  operating  wavelength  range  of  Crrfor- 
sterite  is  that  it  lies  near  1276  nm,  a  wavelength  of  zero 
material  dispersion.  The  practical  implication  for  op¬ 
tical  communications  is  that  the  material  dispersion 
will  be  minimal  for  a  source  that  emits  in  the  vicinity 
of  this  wavelength  and  hence  would  permit  the  maxi¬ 
mum  information  capacity  of  the  fiber  to  be  exploited. 
This  laser's  spectral  range  also  makes  it  suitable  for 
eye-safe  ranging  and  remote  sensing. 

Consequently,  the  cw  operation  of  such  a  promising 
source  of  coherent  radiation  in  the  near  infrared  is  of 
technological  importance.  Although  a  number  of 
chromium-activated  lasers  have  been  operated  in  the 
cw  mode,  none  covers  the  spectral  range  spanned  by 
the  Crforsterite  laser.  Successful  pulsed  operation 
does  not  ensure  cw  lasing  either,  as  has  been  found  for 
Nd:glass  lasers.  Room-temperature  cw  operation  of  a 
laser  material,  on  the  other  hand,  opens  up  the  possi¬ 
bilities  of  the  laser’s  being  used  in  various  oscillator 
and  amplifier  configurations.  In  this  Letter  we  im¬ 
port,  for  the  first  time  to  our  knowledge,  the  room- 
temperature  cw  laser  operation  of  chromium-doped 
forsterite  in  the  near-infrared  spectral  region. 

The  experimental  arrangement  used  for  obtaining 
cw  laser  action  in  Crforsterite  is  shown  schematically 
in  Fig.  1.  The  sample  was  placed  at  the  center  of  a 
nearly  concentric  cavity  formed  by  two  5-cm-radius 
mirrors.  The  input  mirror  was  dielectric  coated  to 
transmit  70%  of  the  1064-nm  pump  beam  and  to  have  a 
reflectivity  of  99.9%  over  the  1200-1400-nm  wave¬ 
length  range.  The  output  mirror  was  similarly  coated 


to  have  a  reflectivity  of  99%  for  the  1175-1250-nm 
range  and  to  transmit  20%  of  1064-nm  pump  beam. 

The  single  crystal  of  Crforsterite  used  in  this  study 
was  grown  by  the  Czochralski  method  at  the  Electron¬ 
ic  Materials  Research  Laboratory  of  the  Mitsui  Min¬ 
ing  and  Smelting  Company,  Ltd.,  Japan.  The  crystal 
is  a  6  mm  X  6  mm  X  30  mm  rectangular  parallelepiped 
with  the  three  mutually  orthogonal  axes  oriented 
along  the  a,  b,  and  c  crystallographic  axes  of  the  crys¬ 
tal.  It  contains  2.8  X  1018  chromium  ions  per  cubic 
centimeter.  The  6  mm  X  6  mm  end  faces  of  the  crystal 
were  broadband  antireflection  coated,  such  that  the 
reflectivity  over  the  1050-1 250-nm  spectral  range  was 
less  than  0.5%.  The  sample  was  sandwiched  between 
two  copper  blocks  to  facilitate  dissipation  of  heat. 

The  1064-nm  radiation  from  a  cw  Nd:YAG  laser 
(Spectra-Physics  Model  3460)  was  focused  by  a  75- 
mm  focal-length  lens  to  pump  the  sample  longitudi¬ 
nally  along  its  30- mm  path  length.  The  pump  beam 
propagated  along  the  c  axis  and  was  linearly  polarized 
along  the  6  axis  of  the  crystal.  The  beam  was  chopped 
at  a  duty  factor  (i.e.,  the  ratio  of  the  interval  for  which 
the  beam  is  blocked  to  that  for  which  the  beam  is 
open)  of  9:1  to  reduce  heating  effects.  When  the 
pump  beam  was  not  chopped,  the  Cnforsterite  laser 
operated  at  a  40%  reduced  power  level,  indicating  the 
effect  due  to  local  heating.  The  measurements  re¬ 
ported  here  were  taken  with  a  fixed  cavity  length  cor¬ 
responding  to  a  cavity  mode  waist  of  75  ^m.  The 
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Fig.  1.  Schematic  diagram  of  the  experimental  arrange¬ 
ment  for  investigating  cw  laser  action  in  Crforsterite:  C. 
light  chopper,  Fi,  variable  neutral-density  filter;  L,  focusing 
lens;  Mi,  input  mirror;  M2,  output  coupler;  S,  sample;  F2. 
1064-nm  cutoff,  Crforsterite  laser  light-transmitting  filter; 
M,  monochromator;  D,  germanium  or  PbS  detector. 
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Fig.  2.  Temporal  behavior  of  the  cw  Cr.forsterite  laser 
emission  over  the  entire  duration  of  the  pump  pulse  (scale:  1 
msec/cm). 
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Fig.  3.  Spectrum  of  the  free-running  cw  Crforsterite  laser. 


waist  of  the  pump  beam  at  the  center  of  the  sample 
was  70  fim. 

The  transmitted  1064-nm  light  was  blocked  by  cut¬ 
off  filters.  The  output  of  the  Crforsterite  laser  was 
monitored  either  by  a  slow  PbS  detector  or  by  a  fast 
germanium  photodiode.  A  set  of  calibrated  neutral 
density  filters  was  used  for  output-power  slope  effi¬ 
ciency  measurement.  The  spectrum  of  the  free-run¬ 
ning  laser  was  recorded  by  a  photodiode-lock-in-am- 
plifier  combination  at  the  end  of  a  0.25-m  monochro¬ 
mator  equipped  with  a  1000-nm  blazed  grating. 

Quasi-cw  laser  operation  was  readily  obtained  for 
pumping  above  the  lasing  threshold  of  1.25  W  of  ab¬ 
sorbed  power.  The  laser  output  is  polarized  along  the 
b  axis  of  the  crystal.  The  crystal  could  be  pumped  by 
a  beam  polarized  along  the  a  axis,  but  the  emission 
would  still  be  polarized  along  the  6  axis.  The  time 
evolution  of  laser  output  is  displayed  in  the  oscillo¬ 
scope  trace  shown  in  Fig.  2. 

The  spectrum  of  free-running  cw  Crforsterite  laser 
is  shown  in  Fig.  3  for  an  absorbed  pump  power  of  3  W. 
The  spectrum  looks  similar  to  that  for  the  pulsed 
mode;  however,  the  peak  is  shifted  from  1235  to  1244 
nm  and  the  bandwidth  reduces  to  12  nm  compared 
with  25  nm  for  the  pulsed  case.  The  shift  of  the  center 
wavelength  is  attributed  to  the  transmission  charac¬ 
teristics  of  the  output  coupler  used  in  the  cw  lasing 
experiment  The  reduction  in  spectral  bandwidth  in¬ 


dicates  that  a  laser  medium  has  to  be  driven  harder  for 
cw  operation  than  for  pulsed  operation. 

The  cw  output  power  of  the  Crforsterite  laser  as  a 
function  of  the  absorbed  pump  power  was  measured 
for  the  cavity  used  in  this  experiment,  and  the  data  are 
displayed  in  Fig.  4.  The  laser  oscillation  starts  to 
build  up  at  an  absorbed  input  power  of  1.25  W.  The 
measured  slope  efficiency  is  6.8%. 

The  experimentally  obtained  values  of  the  absorbed 
pump  power  at  the  threshold  and  the  slope  efficiency 
together  with  known  mirror  reflectivities  may  be  used 
to  estimate  a  number  of  key  laser  parameters.  The 
slope  efficiency  17  is  given  by11 

7j  =  {\pT)/\L(T  +  L),  (1) 

where  T  is  the  total  transmission  of  the  cavity  mirrors 
and  L  is  the  cavity  loss.  Using  the  data  in  Fig.  4,  we 
obtain  a  value  of  12.7%  for  L.  This  value  of  L  should 
be  compared  with  the  absorption  losses  of  ~9%  mea¬ 
sured  with  a  Perkin-Elmer  Lambda  9  spectrophotom¬ 
eter.  The  disagreement  between  the  two  values  indi¬ 
cates  that  additional  small  loss  mechanisms,  e.g.,  ex¬ 
cited-state  absorption  and  nonradiative  relaxation, 
are  operative  as  well. 

The  threshold  pump  power  depends  on  the  cavity 
losses  and  the  effective  emission  cross  section.  An 
expression  relating  these  parameters  for  a  longitudi¬ 
nally  pumped  laser12  has  been  developed  and  is  readily 
applicable  to  the  present  system  and  experimental 
conditions: 

xgpiVq  +  T)(a;  +  1) 

1  4<rr[l  —  exp (—al)} 

where  Pt  is  the  incident  threshold  pump  power;  <r  is  the 
effective  emission  cross  section;  Ep  is  the  energy  of  a 
pump  photon;  wi  is  the  radius  of  the  laser  cavity  mode 
in  the  crystal;  a  is  the  ratio  Wplwi,  where  wp  is  the 
pump-beam  radius;  r  is  the  lasing  state  lifetime;  a  is 
the  pump-beam  absorption  coefficient;  and  l  is  the 
length  of  the  crystaL  We  estimate  a  value  of  1.1  X 
10“ 19  cm2  for  the  effective  emission  cross  section,  using 
the  measured  threshold  pump  power  (absorbed),  Pt[l 
—  exp(-aL)J  of  1.25  W,  the  beam  waist  parameters 
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Fig.  4.  Output  power  of  the  cw  Crforsterite  User  as  a  func  - 
tion  of  absorbed  pump  power. 
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Table  1.  Properties  of  cw  Emission  from  a 
_ Cr:Forsterite  Laser  . 


Property 

Value 

Lasing  wavelength  (center) 

1244  nm 

Spectral  bandwidth  (FWHM) 

12  nm 

Lasing  threshold  (absorbed  power) 

1.25  W 

Slope  efficiency, 

6.8% 

Threshold  inversion  density,  Nt 

2  X  1017cm'3 

Effective  emission  cross  section 

1.1  X  10"19cm2 

quoted  above,  and  a  room-temperature  fluorescence 
lifetime  r  of  ~  15  Msec.  The  value  of  the  emission  cross 
section  may  also  be  determined  from  the  radiative 
lifetime  and  the  emission  line  shape.  The  radiative 
lifetime  in  this  calculation  was  approximated  by  the 
fluorescence  lifetime.  However,  care  must  be  taken  to 
choose  the  fluorescence  lifetime  and  line  shape  to  be 
used.  This  caution  is  warranted  from  the  realization 
that  in  Cr:forsterite  more  than  one  center  is  optically 
active.  In  our  earlier  publications2-4  we  attributed 
the  entire  emission  in  Cnforsterite  to  radiative  transi¬ 
tions  within  the  states  of  the  Cr3+  ion.  However,  our 
subsequent  investigations  revealed  that  the  emission 
in  the  1050-1400-nm  range  is  the  Stokes-shifted  fluo¬ 
rescence  corresponding  to  the  850~I200-nm  absorp¬ 
tion  band.  It  is  these  absorption  and  emission  bands 
that  are  effective  in  laser  action  in  Cr:forsterite.5  l;{ 
These  absorption  and  emission  bands  are  attributed 
to  transitions  within  the  states  of  a  second  center  other 
than  Cr3+,  which  has  tentatively  been  identified  as 
tetravalent-chromium  ion  (Cr4*).  The  details  of  the 
spectroscopic  properties  of  Cr:forsterite,  and  the  role 
played  by  the  two  centers,  are  interesting  and  intrigu¬ 
ing.  However,  they  are  outside  the  scope  of  this  Let¬ 
ter  and  will  be  presented  in  a  forthcoming  publication. 

Both  the  emission  line  shape  and  the  fluorescence 
lifetime  used  in  emission  cross-section  calculation 
were  measured  by  exciting  the  850-1200-nm  absorp¬ 
tion  band  of  the  sample  by  1064-nm  radiation,  thus 
ensuring  that  only  the  emission  from  Cr44  ions  is  taken 
into  account.  The  emission  spectrum  thus  obtained 
has  been  reported  elsewhere5*13  and  hence  is  not  re¬ 
peated  here.  The  value  of  the  emission  cross  section 
was  calculated  by  approximating  the  fluorescence 
spectrum  mentioned  above  by  a  center  wavelength 
and  an  emission  linewidth.  The  fluorescence  lifetime 
for  1064-nm  excitation  is  15  pse c,  which  is  the  value 
used  for  the  radiative  lifetime. 

The  value  of  the  emission  cross  section  obtained 
from  the  emission  lifetime  and  line  shape  is  3.3  X  10"  *** 
cm2,  a  factor  of  3  larger  than  that  estimated  from  the 
cw  lasing  threshold  condi tipn,  Eq.  (2).  This  large  dis¬ 
crepancy  may  arise  from  two  factors.  First,  there  may 
be  substantial  nonradiative  relaxation,  which  will  im¬ 
ply  that  fluorescence  lifetime  is  not  a  good  approxima¬ 
tion  for  the  radiative  lifetime  used  in  the  calculation. 
Second,  excited-state  absorption  may  be  operative. 
The  presence  of  such  loss  mechanisms  has  also  been 


suggested  from  the  discrepancy  in  the  values  of  cavity 
loss  discussed  above. 

From  the  emission  cross  section  and  threshold 
pump  power,  we  estimate  the  threshold  population 
inversion  density  from  the  threshold  condition11: 

2  <rNtl  =  L  +  T.  (3) 

A  value  of  2  X  1017  cm"3  for  the  population  inversion  is 
calculated.  The  key  cw  laser  parameters  are  summa¬ 
rized  in  Table  I. 

The  successful  cw  lasing  of  Cr:forsterite  together 
with  its  large  fluorescence  bandwidth  promises  high- 
repetition-rate  mode-locked  operation  (e.g.,  by  syn¬ 
chronous  pumping)  for  generating  ultrashort  pulses  in 
the  near  infrared.  Since  large  crystals  may  be  readily 
grown,  various  types  of  oscillator  and  amplifier  design 
are  now  possible. 
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chi  of  Mitsui  Mining  and  Smelting  Company,  Japan, 
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Tunable,  room  temperature  pulsed  laser  operation  of  a 
chromium-doped  forstertte  laser  for  I064-nm  pumping  is 
reported.  Using  different  s*>ts  nf  mirrors  and  a  single  bire- 
fringent  plate  as  the  intracavity  wavelength  selecting  ele¬ 
ment,  tunability  over  the  1 167-1345-nm  spectral  range  has 
been  demonstrated. 

The  practical  utility  of  a  ^  ibronic  solid  state  laser  is  deter¬ 
mined,  to  a  great  extent .  h\  [he  wavelength  range  over  which 
it  can  be  tuned  effective K  Laser  emission  in  the  infrared  is 
of  technological  importance  for  eye  safe  ranging,  remote 
sensing,  and  optical  communication.  A  number  of  chromi- 
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Fig.  1.  Schematic  diagram  the  experimental  arrangement  used 
for  wavelength  tuning  the  CrhTMeme  laser:  F\  *  1064-nm  trans¬ 
mitting,  visible  blocking  tilter.  F  =  pump  beam  blocking,  laser 
output  transmitting  filter;  L  =  f.K-using  lens.Mi  *  back  mirror;  Af->  * 
output  mirror;  S  »  sample:  T  =  hireirinjient  plate  tuning  element;  M 
*  monochromator  and  l)  =  detector. 
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um-based  tunable  solid  state  lasers.1  together  with  a 
Ti^rALOrj  laser.'2  span  a  spectral  range  of  660-1090  nm.  A 
chromium-activated  forsterite  laser5-7  is  unique  since  it  ex¬ 
tends  the  tuning  range  further  into  the  near  infrared  to  1345 
nm.  The  most  important  feature  of  the  tuning  range  of  the 
Crrforsterite  laser  is  that  it  lies  around  1276  nm,  a  wavelength 
referred  to  in  the  literature8  as  the  “wavelength  of  zero 
material  dispersion."  We  recently  reported  both  the  pulsed 
and  the  cw  laser  operation  of  this  crystal  at  room  tempera¬ 
ture.1-7  Tn  this  Letter,  we  present  the  continuously  tunable 
operation  of  this  laser  over  the  1 167-1345-nm  spectral  range. 

The  room  temperature  fluorescence  spectrum  of  Crfor- 
sterite  covers  the  680-1400-nm  wavelength  range.  Laser 
operation  has  been  obtained  in  the  low  energy  infrared  end  of 
this  fluorescence  band.1-5  The  absorption  spectrum  over¬ 
laps  most  of  the  high  energy  end  including  the  peak  of  the 
fluorescence  spectrum  and  inhibits  laser  action  in  that  re¬ 
gion.14  The  tunable  operation  to  be  presented  here  thus 
spans  only  a  fraction  of  the  fluorescence  spectrum. 

The  experimental  arrangement  used  for  wavelength  tun¬ 
ing  the  Cr.forsterite  laser  is  shown  schematically  in  Fig.  1. 
The  sample  (S)  was  placed  at  the  center  of  a  stable  cavity 
formed  by  two  30-cm  radius  mirrors  placed  45  cm  apart. 
The  input  mirror  (M\)  was  dielectric  coated  to  transmit  the 
1064-nm  pump  beam  and  to  have  a  high  reflectivity  of  99.9% 
in  the  1 150-1250-nm  range,  which  decreased  to  98.5%  at  1270 
nm.  Three  different  mirrors  were  used  as  output  couplers 
{A/2).  The  first  mirror  (output  coupler  A)  had  a  reflectivity 
of  98%  for  the  1200-1300-nm  range,  the  reflectivity  of  the 
second  mirror  (output  coupler  B)  varied  from  99%  at  1150  nm 
to  87%  at  1200  nm,  while  that  of  the  third  (output  coupler  C) 
varied  from  99.8%  at  1150  nm  to  90%  at  1200  nm.  The  left 
and  center  curves  presented  in  Fig.  2  were  taken  with  the  first 
two  of  these  output  couplers.  The  tuning  curve  on  the  right 
was  obtained  with  another  pair  of  mirrors:  the  input  mirror 
which  had  high  transmission  for  the  1064-nm  pump  beam 
and  reflectivity  of  99.9%  in  the  1275-1375-nm  range  and  the 
output  mirror  (output  coupler  D ),  whose  reflectivity  varied 
from  96%  at  1275  nm  to  94.5%  at  1375  nm  with  a  maximum  of 
97%  at  1320  nm. 


The  dispersive  element  used  for  frequency  tunm* 
Cr:forsterite  laser  output  was  asingle  birefringem  crystalline 
quartz  plate  provided  by  Apollo  Lasers.  Inc.  The  plate  was  a 
30-  X  31.75-mm  rectangle,  513.4  thick,  with  the  optic  axis 
in  the  plane  of  the  plate  and  parallel  to  the  30-mm  side.  The 
plate  was  inserted  in  the  cavity  at  the  Brewster  angle  with 
respect  to  the  cavity  axis,  which  is  also  the  ray  axis.  The 
tuning  of  the  laser  output  was  effected  by  rotating  the  tilted 
plate  about  an  axis  perpendicular  to  its  surface. 

The  single  crystal  of  Cr:forsterite  used  in  this  study  was 
grown  by  the  Czochralski  method  at  the  Electronic  Materials 
Research  Laboratory  of  the  Mitsui  Mining  &  Smelting  Co.. 
Ltd.,  Japan.  The  crystal  is  a  6-  X  6-  X  30-mm  rectangular 
parallelepiped  with  three  mutually  orthogonal  axes  oriented 
along  the  a,  b ,  c,  crystallographic  axes  of  the  crystal.  The 
chromium-ion  concentration  in  the  crystal  is  2.8  x  1018  cm  ' '. 
The  6-  X  6-mm  endfaces  of  the  crystal  are  broadband  antire¬ 
flection  coated,  such  that  reflectivity  over  the  1050-1250-nm 
spectral  range  was  <0.5%. 

The  sample  was  longitudinally  pumped  by  the  fundamen¬ 
tal  1064-nm,  10-ns  full  width  at  half-maximum  (FWHM) 
pulses  from  a  Q-switched  Nd:YAG  laser  (Quanta-Ray  DCR- 
1 )  operating  at  a  10-Hz  repetition  rate.  The  spatial  profile  of 
the  pump  pulse  was  a  Gaussian.  The  pump  beam  was  linear¬ 
ly  polarized  along  the  a-axis  and  propagated  along  the  c-axis 
of  the  sample.  The  1064-nm  beam  was  focused  into  the 
center  of  the  sample  by  a  50-cm  focal  length  lens.  The  waist 
of  the  cavity  mode  at  the  sample  was  ~225  nm.  The  position 
of  the  focusing  lens  was  adjusted  to  optimize  the  overlap 
between  the  pump  beam  spot  size  and  the  cavity  mode  waist 
monitored  by  maximizing  the  laser  output.  The  laser  out¬ 
put  was  analyzed  by  a  0.25-m  monochromator  equipped  with 
a  1000-nm  blazed  grating  and  monitored  by  a  fast  germani¬ 
um  photodiode. 

The  first  proof  of  wavelength  tunability  was  that  for  four 
different  output  couplers,  A ,  B,  C,  and  D  free-running  laser 
outputs  were  centered  at  1235,  1200,  1192,  and  1250  nm. 
respectively. 

With  the  birefringent  plate  inserted  in  the  cavity,  smooth 
tuning  was  obtained  and  the  result  is  displayed  in  Fig.  2. 


Fig.  2.  Ratio  of  Crforsterite  laser  output  (£l)  to  the  absorbed  pump  energy  (Ep)  as  a  function  of  wavelength.  The  curve  in  the  center  was 
taken  with  output  coupler  A,  the  one  to  the  left  with  output  coupler  B .  and  the  curve  to  the  right  with  a  set  of  mirrors  coated  for  the  1275- 1 375- 
nm  range.  The  transmission  characteristics  of  the  mirrors  and  output  couplers  are  described  in  the  text. 
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The  --enter  curve  taken  with  output  coupler  A  shows  the  ratio 
of  the  output  laser  energy  to  the  absorbed  input  energy  as  a 
function  of  wavelength,  spanning  the  1205-1‘268-nm  spectral 
range.  At  the  peak  of  the  tuning  curve  at  L220  nm,  the 
output  laser  pulse  energy  is  ~7  MJ/pulse  for  an  input  ab¬ 
sorbed  energy  of  0.9  mJ/pulse. 

The  tuning  curve  on  the  left  covering  L167-1206  nm  was 
obtained  with  output  coupler  B  described  earlier  in  the  text. 
The  laser  output  peaks  at  1200  nm  with  an  energy  per  pulse 
of  125  a J  for  an  absorbed  input  pulse  energy  of  1.9  mJ.  This 
order  of  magnitude  larger  output  power  for  this  output  cou¬ 
pler  is  attributed  to  its  higher  transmission  (13%  at  1200  nm) 
compared  with  that  for  output  coupler  A  (<2%  over  the 
tuning  range).  The  free-running  output  slope  efficiencies 
for  the  two  output  couplers.  21%  for  Coupler  B  compared 
with  4%  for  coupler  A,  also  reflect  the  same  behavior.  The 
lasing  threshold  of  317  mJ  for  output  coupler  B  is  a  factor  of 
—3.5  higher  than  that  for  coupler  A  which  is  expected  since 
the  cavity  with  coupler  B  is  lossier  than  the  one  with  output 
coupler  .4.  and  is  consistent  with  the  respective  output  slope 
efficiencies.  The  tuning  curve  on  the  right  was  obtained 
using  a  pair  of  mirrors  coated  for  the  1275-1375-nm  range. 
It  covers  the  1236-1345-nm  range.  The  output  peaks  at 
1245  nm  with  an  energy  per  pulse  of  85  *tJ  for  an  absorbed 
pump  energy  of  2.4  mJ.  The  free-running  output  slope 
efficiency  for  this  pair  of  mirrors  was  12%  with  a  lasing 
threshold  of  0.27  mJ.  It  should  be  noted  that  we  have 
obtained  similar  tunable  operation  for  532-nm  and  630-nm 
pumping  as  well. 

In  summary,  we  have  demonstrated  continuously  tunable 
operation  of  a  Crrforsterite  laser  over  the  1167-i345-nm 
spectral  range.  At  the  peak  of  the  tuning  curve  at  1200  nm 
an  output  of  125  MJ/pulse  is  obtained,  with  an  output  to 
absorbed  input  energy  ratio  of  6.6%.  A  maximum  output 
slope  efficiency  of  —21%  has  been  obtained  so  far. 
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Abstract 

Room-temperature  pulsed  laser  action  has  been  obtained  in 
chromium- activated  forsterite  (Cr:Mg23iOH)  for  both  532-nm  and  iC6J-nm 
pumping.  Free  running  laser  emission  in  both  cases  is  centered  at 
1235  nm  and  has  bandwidth  of  -  30  nm.  Slope  efficiency  as  high  as 
22%  has  been  measured.  Using  different  sets  of  output  mirrors  and  a 
single  birefringent  plate  as  the  intracavity  wavelengtn-selecting 
element  tunability  over  the  1167-1268  nm  spectral  range  has  been 
demonstrated.  Continuous-wave  laser  operation  at  room  temperature 
has  been  obtained  for  1064-nm  pumping  from  a  cw  Nd: YAG  laser.  The 
output  power  slope  efficiency  is  5.3%.  The  gain  cross  section  is 
estimated  tc  be  i.ix10~19  cm2.  Spectroscopic  studies  suggest  that  the 
laser  action  is  due  to  a  'center'  other  than  the  tri valent  chromium 
vCr2*),  presumably  the  tetravaient  cnromium  CCr1**)  in  a  Pet  rare  orally 
coordinated  site. 

I.  INTRODUCTION 

Recently,  we  have  reported  room-temperature  pulsed  laser  action 
in  chromium-dooed  forsterite  (Cr:Mg23iOw)  for  both  332-r.m  snd  '06*J-r.m 
excitation. l“H  Laser  emission  is  continuously  tunable  over  the 
1167-1268  nm  spectral  range,5  with  a  potential  for  extending  the 
tuning  range  beyond  1300-  nm.  This  wavelength  range  is  of  great 
importance  in  optical  communication  and  eye-safe  ranging.  The  large 
bandwidth  of  the  laser  emission  promises  generation  of  ultrashort 
pulses  through  mode-locked  operation.  Large  crystals  of  chromium- 
doped  forsterite  can  be  grown  by  Czochralski  method,  which  means  that 
this  crystal  has  a  potential  to  be  used  as  an  amplifier  medium  in  the 
near  infrared.  Furthermore,  the  successful  cw  laser  operation6  of  Cr 
forsterite  has  the  practical  implication  that  various  types  of  laser 
and  amplifier  designs  are  possible. 

On  the  other  hand,  spectroscopy  of  chromium-doped  forsterite  is 
very  unusual  and  intriguing.  It  is  the  first  chromium-activated  laser 
crystal,  to  our  knowledge,  where  the  tetravaient  chromium  ion  (Cr1**) 
in  a  tetrahedral  site  is  presumably  responsible  for  laser  action  in 
the  near  Infrared.7 

In  this  paper  we  review  the  lasing  and  spectroscopic  properties 
of  this  new  and  important  tunable  solid-state  laser  crystal. 
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II.  CRYSTAL  PROPERTIES  AND  SPECTROSCOPY 

Forsterite  is  a  member  of  the  olivine  family  of  crystals.  A  unit 
cell  of  forsterite  has  four  formula  units  in  an  orthorhombic  structure 
of  the  space  group  Pbnm.  The  unit  cell's  dimensions  are:  a=4.7&A, 
b=10.22^,  and  c=5.99^.  The  Cr3+  ion  substitutes  for  the  Mg2+  ion  in 
two  distinct  octahedrally  coordinated  sites:  one  (Ml)  with  inversion 
symmetry  (C^)  and  the  other  (M2)  with  mirror  symmetry  (Cs).  The 
occupation  ratio  of  the  two  sites  by  the  Cr3*  ion  is  Mi:M2=3:2. 

Both  the  single  crystals  of  Cr:Mg2SiO..  used  for  spectroscopic  and 
laser  experiments  were  grown  by  the  Czochralski  method  at  the 
Electronic  Materials  Research  Laboratory  of  the  Mitsui  Mining  and 
Smelting  Co.,  Ltd.,  Japan.  The  first  crystal,  referred  to  as  sample  1 
hereafter,  is  a  9mmx9mmx|4.5mm  rectangular  parallelepiped  with  the 
three  mutually  orthogonal  axes  oriented  along  the  b,  c,  and  a 
crystallographic  axes  of  the  crystal.  It  contains  0.04  at  .  %  of  Cr 
ions  which  is  equivalent  to  a  chromium  ion  concentration  of  6.9x10* 8 
ions/cm3.  The  second  crystal  (sample  2)  is  a  6mmx6mmx3Cmm 
rectangular  parallelepiped  with  the  three  mutually  orthogonal  axes 
oriented  along  the  a,  o,  c,  crystallographic  axes  of  the  crystal.  It 
contains  2.8x10*  *  chromium  ions  per  cm3.  The  6mmx6rnm  faces  of  the 
crystal  were  broad-band  anti-reflection  coated,  such  that  the 
reflectivity  over  the  1050-1250  nm  spectral  range  is  less  than  0.5  5. 

The  room-temperature  fluorescence  and  absorption  spectra  of 
Cr:MgzSi0v  taken  with  sample  1  for  E||b  axis  are  shown  in  Fig.  1. 
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Fig.  1.  Absorption  and  fluorescence  spectra  of  Cr:Mg2Si0„  at  room 
temperature.  Both  the  spectra  were  taken  for  E|  |b  axis  and  excitation 
along  a  axis.  The  thickness  of  the  sample  along  a  axis  is  4.5  mm. 

The  room-temperature  fluorescence  is  a  broad  band  covering  the 
wavelength  range  from  680-1400  nm.  The  absorption  spectrum  is 
civ^acterized  by  two  broad  ba/id.*  centered  at  740  nm  and  460  nm, 
attributed  to  the  "A2  ♦  “T2  and  **A2  *  "Ti  transitions,  respectively,  of 
the  Cr3+  ion.  The  broad,  weak  absorption  band  spanning  the  850-1200 
nm  range  is  similar  to  the  one  observed  in  chromium- doped  GSGG*  and  is 
attributed  to  transitions  between  states  in  another  •'center', 
presumably  the  tetravalent  Crw,K  ion  in  a  tetrahedral  3ite.  This 
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absorption  band  overlaps  a  significant  portion  of  Cr:Mg2SiOi,  emission, 
and  inhibits  laser  action  in  that  region. 

The  absorption  and  fluorescence  spectra  of  the  'center1  in  the 
near  infrared  spectral  region  are  shown  in  Fig.  2.  The  room- 
temperature  absorption  spectrum  is  a  double-humped  band  covering  the 
350-1200  nm  wavelength  range.  The  room-temperature  fluorescence 
spectrum,  excited  by  1064-nm  radiation  from  a  cw  Nd:YAG  laser  extends 
from  1000-1400  nm  and  peaks  at  1140  nm.  At  liquid  nitrogen 
temperature  both  the  spectra  show  a  sharp  zero-phcnon  line  at  1093  nm 
followed  by  elaborately  structured  sidebands.  The  fluorescence 
lifetime  is  15  us  at  room-temperature  and  20  us  at  liquid  nitrogen 
temperature. 


Fig.  2.  Near  infrared  absorption  and  fluorescence  spectra  of  Cr:Mg2SiO.. 
for  1064-nm  excitation  at  room  temperature  (solid  line)  and  liquid- 
nitrogen  temperature  (broken  line)  for  £ J | b  axis. 

III.  PULSED  LASEi!  ACTION 

The  first  laser  experiments  were  conducted  with  sample  1  in  a 
stable  cavity.  Details  of  the  cavity  arrangement  have  been  described 
elsewhere.1  The  fundamental  and  the  second  harmonic  emissions  from  a 
Q-switehed  Nd:YAG  laser  operating  at  a  10-Hz  repetition  rate  were  used 
for  excitation  of  the  near-infrared  and  the  visible  bands, 
respectively.  Pulsed  laser  action  was  observed  for  both  the  1064-nm 
and  the  532-nm  pumping4*7  at  or  above  the  respective  thresholds  of 
1.25  mJ  and  1.37  mJ  of  absorbed  energy.  The  amplitude  and  duration  of 
the  Cr:MgaSi0«,  laser  pulse,  as  well  as  its  delay  with  respect  to  the 
pump  pulse,  varied  with  the  pulse-to-pul3e  energy  fluctuation  of  the 
pump  pulses.  However,  for  similar  level  of  excitation  and  within  the 
time  resolution  of  the  experiment,  there  wa3  no  appreciable  difference 
in  the  delay  between  the  pump  pulse  and  the  output  laser  pulse  for 
the  two  pump  wavelengths.  The  spectra  of  the  free-running 
Cr:forsterite  laser  for  both  1064-nm  and  532-nm  pumping  peaked  at 
1235  nm  and  had  FWHM  of  30  nm  and  27  nm,  respectively.  These  facts 
clearly  indicate  that  the  same  ’center1  is  active. in  laser  action  for 
both  the  532-nm  and  1064-nm  excitations.  For  532-nm  pumping  there  is 
a  fast  transfer  of  excitation  from  the  levels  directly  pumped  to  the 
lasing  level.  In  case  of  1064-nm  pumping,  the  lasing  level  i3 
directly  populated.  The  output  power  slope  efficiencies  were  1.8% 


for  1064-0111  pumping  and  1.4$  for  532-nm  pumping,  indicating  high 
losses  in  the  cavity. 

To  improve  the  laser  performance  by  reducing  the  losses  anti¬ 
reflection-coated  sample  2  was  used,  and  care  was  taken  to  overlap 
the  pump  beam  and  cavity  mode  accurately.  The  sample  was 
longitudinally  pumped  by  the  fundamental  1064-nm,  10-ns  pulses  from  a 
Q-switched  Nd: YAG  laser  in  a  cavity  similar  to  that  used  earlier.  An 
output  power  slope  efficiency  of  22$  was  obtained  using  an  output 
coupler  having  87$  reflectivity  over  the  lasing  region. 

XV.  TUNABLE  OPERATION  OF  FORSTERITE  LASER 

Tunable  operation  of  Cr:forsterite  laser  has  been  obtained  over 
the.  1167-1268  nm  spectral  range.5  A  single  birefringent  crystalline 
Quartz  plate  was  inserted  in  the  cavity  at  Brewster's  angle  with 
respect  to  the  cavity  axis  as  the  intracavity  wavelength-selective 
element.  Smooth  tuning  over  the  1167-1268  nm  spectral  range  was 
obtained  by  rotating  the  tilted  plate  about  an  axis  perpendicular  to 
its  surface  and  the  result  is  displayed  in  Fig.  3- 
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Fig.  3.  The  ratio  of  Cr:forsterite  laser  output  (El)  to  the  absorbed 
pump  energy  (Ep)  as  a  function  of  wavelength.  The  curve  to  the  right 
was  taken  with  an  output  coupler  having  98$  reflectivity  for 
1200-1300  nm  range,  and  one  to  the  left  with  an  output  coupler  with 
reflectivity  that  varied  from  99$  at  1150  nm  to  87$  at  1200  nm. 

At  the  peak  of  the  tuning  curve  at  1220  nm,  the  output  laser  energy  is 
-  7  uJ/pulse  for  an  absorbed  pump  energy  of  0.9  mJ/pulse.  Similar 
tunable  operation  has  been  obtained  for  532-nm  pumping  as  well. 

IV.  CW  LASER  OPERATION 


To  obtain  cw  laser  action  in  Cr:forsterite,  sample  2  was  placed 
at  the  center  of  a  nearly  concentric  cavity  formed  by  two  5-cm  radius 
mirrors.  The  output  mirror  had  -  1$  transmission  for  the  1175-1250 
nm  range.  The  1064-nm  radiation  from  a  cw  Nd: YAG  laser  was  focused 
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by  a  75-mm  focal  length  lens  to  longitudinally  pump  the  sample  along 
the  30-mm  path  length.  The  pump  beam  propagated  along  the  c  axis  and 
was  linearly  polarized  along  the  b  axis  of  the  crystal.  The  pump 
beam  was  chopped  at  a  duty  factor  of  9:1  to  reduce  heating  effects. 
When  the  pump  beam  was  not  chopped,  the  Crtforsterite  laser  operated 
at  40  %  reduced  power,  indicating  the  effect  due  to  local  heating. 

Quasi-cw  laser  operation  was  readily  obtained  for  pumping  above 
the  lasing  threshold  of  1.25  W  of  absorbed  power.  The  spectrum  of 
the  free-running  cw  Cr:forsterite  laser  peaks  at  1244  nm  and  has  a 
bandwidth  of  12  nm. 
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Fig.  4.  Output  power  of  the  cw  Crtforsterite  laser  as  a  function  of 
absorbed  pump  power. 

The  cw  output  power  of  the  Crtforsterite  laser  as  a  function  of 
the  absorbed  pump  power  is  displayed  in  Fig.  4.  The  measured  slope 
efficiency  is  6.%%.  The  experimentally  obtained  values  of  the 
absorbed  pump  power  at  the  threshold  and  the  slope  efficiency 
together  with  known  mirror  reflectivities  have  been  used  to  estimate  a 
number  of  key  laser  parameters.  The  round-trip  cavity  loss  is 
estimated  to  be  12.75.  The  effective  emission  cross  section  is  - 
1 .1x10”**cmz,  and  threshold  inversion  density  is  2x10* 7cm“3.  Important 
laser  and  spectroscopic  properties  of  Crtforsterite  are  summarized  in 
Table  1. 
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TABLE  1  Spectroscopic  end  laser  properties  of  Cr:forsterite 
Property 

Value 


Major  pump  bands 
Fluorescence  band 

Room  temperature  fluorescence  lifetime 
Cr-ion  concentration 
Lasing  wavelength  (center) 

Spectral  bandwidth 

Slope  efficiency 

Tuning  range 

Effective  emission  cross  section 


350-1200  nm,  600-350  nm 
and  350-550  nm 
680-1400  nm 
’5  us 

7x1  0 1 8ions/cm  3 
1235  nm  (pulsed) 

1244  nm  (cw) 

“  30  nm  (pulsed) 

*“  1 2  nm  (cw) 

22?  (pulsed) 

(cw) 

! i o i  —  1 2 6 3  nm 

l.lxi 0’1 ’em2 
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Abstract 

Spectroscopic,  quantum  electronic 
and  laser  characteristics  of  chromium- 
doped  forsterite  (Cr:Mg2SiC>4)  are 
presented.  Spectroscopic  data  suggest  that 
the  lasing  center  in  chromium-doped 
forsterite  is  tetravalent  chromium  ion 
(Cr4  +  ),  not  the  common  tri  valent 
chromium  (Cr3+). 

Introduction 

Chromium-doped  forsterite 
(Cr:Mg2Si04>  laser  has  emerged  as  an 
important  member  of  the  ever  growing 
family  of  tunable  solid  state  lasers  based  on 
chromium  ion  as  the  lasing  center>3  Both 
pulsed^  and  continuous-wave4  laser 
operation  have  been  obtained  for  532-nm, 
629-nm,  and  1064-nm  pumping,  and  the 
tuning  range  now  covers  the  1167  -  1345 
nm  range.5  This  wavelength  range  covers 
the  region  of  minimum  material 
dispersion  for  optical  Fibers.  Together  with 
the  chromium-based  lasers  tabulated  by 
Caird  et  al.2,  and  more  recently  developed 
chromium-doped  crystals  of  Ca- 
gallogermanate  structure^  lasers  based  on 
chromium  ion  as  the  active  center  now 
spar,  the  broad  spectral  range  of  695  -  1345 
nm.  The  most  interesting  and 
distinguishing  feature  of  laser  action  in 
Cr:Mg2Si04  is  that  the  lasing  ion  is  not 
trivalent  chromium  (Cr3+),  as  is  the  case 
with  the  rest  of  the  chromium-based 


lasers.  Available  experimental  data  suggest 
that  the  active  ion  is  tetravalent 
chromium  (Cr4*).  In  this  paper,  we  present 
spectroscopic  results  which  indicate  that 
the  lasing  ion  is  Cr4+  and  review  the 
properties  of  laser  action  in  this  crystal. 

Spectroscopic  Properties 

Forsterite  is  a  member  of  the 
olivine  family  of  crystals  and  is  a  naturally 
occurring  gem.  Single  crystals  of 
chromium-doped  forsterite  have  been 
grown  successfully  using  the  Czochralski 
method^  as  well  as  the  laser-heated 
pedestal  growth  (LHPG)  technique.?  The 
general  features  of  the  absorption  and 
emission  spectra  of  Crrforsterite  grown  by 
the  two  methods  are  similar.  The 
spectroscopic  properties  distinctly  depend 
on  the  growth  atmosphere.  In  this  work, 
we  present  measurements  performed  with 
Czochralski-grown  crystals. 

Earlier  spectroscopic  work8  on 
chromium-doped  forsterite  was  based  on 
the  assumption  that  only  trivalent 
chromium  (Cr3+)  substitutes  for  the 
octahedrally  coordinated  Mg2+  ions  in 
Mg2SiC>4  host.  There  are  two  inequivalent 
Mg 2+  sites  in  forsterite,  one  with  mirror 
symmetry  (Cs)  and  the  other  with 
inversion  symmetry  (Cj).  Trivalent 
chromium  ion  enters  the  mirror  and  the 
inversion  site  in  a  ratio  of  3:2.  The 
existence  of  Cr3+  ions  in  the  two  sites  in 
the  ratio  given  above  has  been  verified  by 
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EPR  and  ENDOR  measurements  as 
well. 9, to  Our  recent  spectroscopic 
measurements  indicate  that,  in  addition  to 
Cr3+  ions  in  those  sites,  tetrahedrally 
coordinated  Cr4+  ions  are  also  present  in 
the  Czochralski-grown  forsterite.  Similar 
conclusions  have  been  reached  for  crystals 
grown  by  LHPG  method  as  well.7 

The  relative  concentration  of  Cr3  + 
and  Cr4+  ions  in  Mg2Si04  depends  on  the 
growth  atmosphere.  By  growing  the  crystal 
in  a  reducing  atmosphere  the  relative 
concentration  of  Cr4+  ions  can  be  reduced 
and  that  of  Cr3+  increased.  We  will 
compare  measurements  on  crystals  grown 
under  standard  conditions  with  those 
grown  in  reducing  atmosphere,  and 
attempt  to  identify  the  contributions  from 
different  centers. 

The  absorption  spectrum  of 
Cr:Mg2SiC>4  grown  under  standard 
conditions  (referred  to  as  sample  1, 
henceforth),  for  different  orientation  of 
the  crystal  are  shown  in  Fig.  1. 


Fig.  1  Room  temperature  absorption  spectrum  of 
CnMg2S*C>4  grown  under  standard  conditions  for  all 
three  crystal  orientations. 


The  spectrum  is  characterized  by  three 
broad  absorption  bands  spanning  the  near 
ultraviolet  to  near  infrared  spectral 
regions.  At  liquid  nitrogen  temperature, 
the  near  infrared  absorption  band 
spanning  the  850  -  1150  nm  range  shows  a 
sharp  zero-phonon  line  followed  by  an 
elaborately  structured  sideband.  The 
absorption  spectra  depend  strongly  on  the 
polarization  of  the  incident  radiation  with 
respect  to  the  crystallographic  axes  of  the 


host.  In  particular,  the  peak  position  of  the 
strongest  band  in  the  red-green  spectral 
region  shifts  considerably  with  the 
polarization.  Smaller  shift  has  been 
observed  in  the  near  infrared  region  as 
well. 

To  distinguish  between  the 
contributions  from  Cr3+  and  CH+  ions  to 
the  absorption  spectra,  we  have 
complemented  the  absorption  spectrum  in 
Fig.  1  by  the  spectrum  of  sample  2,  shown 
in  Fig.  2. 


Fig.  2  Room  temperature  absorption  spectrum  of 
Cr:Mg2SiC>4  grown  in  a  reducing  atmosphere  for  two 
different  crystal  orientations. 

Sample  2  was  grown  in  a  reducing 
atmosphere  and  contains  mostly  Cr3+  ions 
as  compared  to  sample  1  which  has  both 
the  Cr3+  and  Cr4+  centers.  The  near 
infrared  absorption  band  is  almost  missing 
in  the  spectrum  of  sample  2,  which 
implies  that  the  band  is  due  to  transitions 
within  the  states  of  Cr4+  ion.  We  attribute 
this  band  to  absorptive  transitions  from 
the  3A2  ground  state  of  the  Cr4+  ion  to  the 
3T2  state. 

For  the  visible  and  the  near 
ultraviolet  absorption  the  contributions 
from  the  two  valence  states  cannot  be 
distinguished  so  easily.  The  absorption 
due  to  Cr3+  and  Cr4*  ions  overlap  in  these 
spectral  regions.  To  gain  further  insight, 
we  have  analyzed  both  the  spectra  in 
terms  of  Tanabe-Sugano  formalism.^  We 
have  taken  Cr3+  to  be  in  octahedraily 
coordinated  sites  and  Cr4+  to  be  in 
tetrahedrally  coordinated  sites. 
Comparison  of  the  predicted  values  of 
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tetrahedral  Cr4+  and  octahedral  Cr3+  in 
forsterite  with  the  measured  values  are 
presented  in  Tables  1  and  2,  respectively. 
The  values  of  crystal  field  parameter  Dq 
and  Raccah  parameters  B  and  C  are  also 
listed.  The  transition  assignments  in  Figs. 
1  and  2  follow  from  this  analysis. 


TABLE  1:  Energy  Levels  of  Cr4+:Mg2SiC>4 


Transition 

Energy  (cm-1) 
Measured  Predicted 

3A2“*3T2 

9,150 

(9,150) 

3A2->3T, 

!5,430 

15,150 

3A2->’E 

15,875 

16,245 

3A2— *3Ti 

26310 

26,800 

3A2->1T2 

28,735 

28,700 

3T2— »3A2 

8,750 

(8,750) 

Predicted 

values  are  based 

on  Tanabe- 

Sugano  diagram  for  tetrahedral  CH+  with 
parameters:  B=970  cm*1,  C=3,980  cm-1,  and 
Dq=915  cm-L  For  bands  whose  position 
vary  with  the  polarization  of  the  incident 
light,  average  position  (the  centroid  of 
three  bands  marked  3Tj  in  Fig.  1,  for 
example)  is  taken  for  this  analysis. 

TABLE  2:  Energy  Levels  of  Cr3+:Mg2SiC>4 


Energy  (cm-l) 


Transition 

Measured 

Predicted 

4A2-»*r2 

15,100 

(15,100) 

4A2->2E 

14,450 

14,600 

•»A2-+2Ti 

15,380 

15300 

4A2-i2T2 

2t,050 

21300 

4A2-»4Tja 

21^00 

21,780 

4A2-»4Tjb 

33,780 

33,940 

4T2-44A2 

11,100 

(11,100) 

2E  -»4A2 

14,450 

14,600 

■c  ?r 


a  ts* 

Predicted  values  are  based  on  the 
Tanabe-Sugano  diagram  for  octahedral 
Cr3+  with  parameters:  B=695  cm-1,  C =3,1 30 
cm-1,  and  Dq=l,510  cm-L 


The  Tanabe-Sugano  diagrams,  with 
transitions  indicated,  are  presented  in  Figs. 
3  and  4. 


Fig.  3  Tanabe-Sugano  diagram  for  Cr4*  in 
tetrahedral  coordination.  The  values  Dq=915  cm*1 
and  B=970  cm"1  were  used  to  assign  transitions  shown 
in  Fig.  1  and  listed  in  Table  1. 


IODq/B 


Fig.  4  Tanabe-Sugano  diagram  for  Cj3+  in  octahedral 
coordination.  The  values  Dq*1510  cnr1  and  B=695 
cnr1  were  used  to  assign  transitions  shown  in  Fig.  2 
and  listed  in  Table  2. 

The  polarization  dependence  of  the 
absorption  spectra  may  be  explained  in 
terms  of  lower  site  symmetry  of 
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chromium  ions  invoking  the  polarization 
selection  rules.  A  detailed  analysis  of 
polarization  dependence  of  spectral 
properties  will  be  presented  in  a 
forthcoming  publication. 

The  fluorescence  spectra  of 
Cnforsterite  taken  for  the  Cr4+-rich  sample 
(sample  1)  are  shown  in  Figs.  5  and  6,  and 
that  of  sample  2  (mostly  Cr3+-containing) 
in  Fig.  7. 


Fig.  5  Room  temperature  (thicker  line)  and  liquid 
nitrogen  temperature  (thin  line)  fluorescence 
spectrum  of  Cr:Mg2SiC>4  grown  under  standard 
conditions  for  488-nm  excitation  parallel  to  b  axis. 
The  spectra  were  taken  with  PbS  detector  which 
was  not  sensitive  enough  to  detect  the  692-nm  zero- 
phonon  line  and  its  sideband  shown  in  the  inset. 
These  features  were  resolved  with  a 
photomultiplier  tube  with  S-20  response. 

The  room  temperature  spectrum  taken 
with  sample  1,  excited  by  the  488-nm  line 
of  Ar+  laser,  is  a  broad  band  spanning  680  - 
1400  nm  range.  At  liquid  nitrogen 
temperature  the  spectrum  breaks  up  into 
three  structured  bands.  The  fluorescence 
covering  the  1100  -  1400  nm  range  is  the 
Stokes-shifted  counterpart  of  the  near 
infrared  absorption,  and  is  attributed  to 
3T2— »3A2  transitions  in  Cr4+  ion.  The 
sharp  zero-phonon  line  corresponds  to 
purely  electronic"  aansition  between  the 
3T2  and  3A  2 'states  and  appears  as  a 
prominent  feature  in  both  absorption  and 
emission  spectra.  Near  infrared  room 
temperature  and  liquid  nitrogen 
temperature  absorption  and  fluorescence 
spectra  (fluorescence  excited  by  1064-nm 


radiation)  for  E I  I  b  axis  are  shown  in  Fig.  6- 
Features  displayed  in  Fig.  6  are  completely 
absent  from  the  near  infrared  spectra  of 
sample  2. 


Fig.  6  Room  temperature  (solid  line)  and  liquid 
nitrogen  temperature  (broken  line)  absorption  and 
fluorescence  spectra  (fluorescence  excited  by  488-nm 
radiation)  of  Cr:Mg2$i04  grown  under  standard 
conditions  for  E  1 1  baxis. 

The  sharp  line  at  692  nm  observed  at 
liquid  nitrogen  temperature  is  tentatively 
attributed  to  2E— »*A2  transition  (R-line)  in 
Cr3+  ions.  This  line,  followed  by  a 
structured  sideband  that  extends  to  750  nm 
is  also  present  in  the  fluorescence 
spectrum  of  sample  2.  These  features  are 
shown  as  insets  in  Figs.  5  and  7. 


Fig.  7  Room  temperature  (thicker  line)  and  liquid 
nitrogen  temperature  (thin  line)  fluorescence 
spectrum  of  Cr:Mg2SiC>4  grown  in  a  reducing 
atmosphere  for  488-nm  excitation  and  E  1 !  b  axis. 
The  spectra  were  taken  with  PbS  detector  which 
was  not  sensitive  enough  to  detect  the  692-nm  zero- 
phonon  line  and  its  sideband  shown  in  the  inset. 
These  features  Were  resolved  with  a 
photomultiplier  tube  with  S-20  response. 
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The  room  temperature  spectrum  of 
sample  2  extends  only  to  1200  nm,  and 
shows  contribution  from  Cr3+  ions 
predominantly. 

The  emission  transitions  for  both 
Cr3+  and  Cr4  +  ions  are  indicated  in  the 
Tanabe-Sugano  diagrams.  Detailed 
analysis  of  the  emission  spectra  will  be 
presented  in  a  forthcoming  paper. 

We  have  measured  fluorescence 
lifetime  as  a  function  of  wavelength  both 
at  room  and  liquid  nitrogen  temperatures 
using  streak  camera  coupled  to  a 
spectrometer.  The  fluorescence  lifetime  for 
Cr4+  emission  in  1100-1400  nm  range  is  2.7 
ps  at  room  temperature,  and  25  \is  at  liquid 
nitrogen  temperature.  The  15  ps  lifetime 
measured  at  shorter  wavelengths, 
characteristics  of  Cr3+  fluorescence,  did  not 
change  significantly  at  liquid  nitrogen 
temperature.  Temperature  dependence  of 
the  fluorescence  lifetime  indicates 
presence  of  strong  nonradiative  relaxation 
for  Cr4+  ions,  which  is  not  so  prominent 
for  Cr3+  ions  in  this  temperature  range. 

Laser  Operation 
I.  Pulsed  Laser  Action 

Laser  experiments  were  conducted 
with  samples  rich  in  Cr4+  in  a  stable  cavity. 
Details  of  the  cavity  arrangement  have 
been  described  elsewhere. L5  The 
fundamental  and  the  second  harmonic 
emissions  from  a  Q-switched  Nd:YAG 
laser  operating  at  10-Hz  repetition  rate 
were  used  for  excitation  of  the  near 
infrared  and  the  visible  bands, 
respectively.  Pulsed  laser  action  was 
observed  for  both  the  1064-nm  and  532-nm 
pumping.l  The  amplitude  and  duration 
of  the  Cr:Mg2Si04  laser  pulse,  as  well  as  its 
delay  with  respect  to  the  pump  pulse, 
varied  with  the  pump  pulse  energy 
fluctuation.  For  similar  level  of  excitation 
and  within  the  time  resolution  of  the 
experiment,  no  difference  in  the  delay 
between  the  pump  pulse  and  the  output 
laser  pulse  for  the  two  pump  wavelengths 
was  observed.The  spectra  of  the  free- 
running  laser  radiation  for  both  the  1064- 
nm  and  532-nm  pumping  peaked  at  1235 
nm  and  had  linewidth  of  30  nm  and  27 


nm,  respectively.  These  facts  clearly 
indicate  that  the  same  center  is  responsible 
for  laser  action  for  both  the  1064-nm  and 
532-nm  excitations.  For  532-nm  pumping 
there  is  a  fast  transfer  of  excitation  from 
the  states  directly  pumped  to  the  upper 
lasing  level.  In  case  of  1064-nm  pumping 
the  lasing  level  is  directly  populated. 
Similar  results  were  obtained  for  pumping 
with  the  629-nm  radiation  obtained  by 
stimulated  Raman  scattering  of  the  532- 
nm  radiation  in  ethanol. 

To  improve  the  laser  performance 
sample  1  was  anti-reflection  coated  such 
that  reflectivity  over  the  1050-1250  nm 
range  was  less  than  0.5  %.  Attempts  were 
made  to  overlap  the  pump  beam  and  the 
cavity  mode  more  accurately.  The  sample 
was  longitudinally  pumped  by  1064-nm, 
10-ns  pulses  from  a  Q-Switched  Nd:YAG 
laser  in  a  cavity  similar  to  that  used 
earlier.  Different  sets  of  laser  mirrors  were 
used.  Summary  of  laser  performance  for 
three  different  laser  cavities  is  presented  in 
Table  3.  Center  wavelengths  shown  in 
Table  3  differ  for  three  different  output 
couplers  since  those  have  slightly  different 
wavelength-dependent  transmission 
characteristics. 

TABLE  3:  Summary  of  Laser  Parameters 
for  Pulsed  Laser  Operation  (1064-nm 
pumping) 

Output  Coupling 

Parameter  13%  2%  6% 


Lasing 

Wavelength 

1200  nm 

1235  nm 

1250  nm 

Free-running 

Bandwidth 

" 

30  nm 

• 

Threshold 
Abs.  Energy 

0.38  ml 

0.20  ml 

0.27  mj 

Slope 

Efficiency 

22.8% 

5.1% 

12.1% 

Gain  Cross 
Section 
(10-19  cm2) 

1.40 

1.44 

1.40 

Output  energy  of  the  forsterite  laser 
as  a  function  of  absorbed  pump  energy  for 
three  different  output  couplers  is  shown 
in  Fig.  8. 
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ABSORBED  PUMP 
ENERGY  (mJ) 

Fig.  8  Output  energy  of  Cr:Mg2Si04  laser  as  a 
function  of  absorbed  pump  energy  for  1064-nm 
pumping  and  E  I  I  b  axis  for  three  different  output 
couplers. 

Using  data  from  Table  4  we  have 
estimated  the  passive  loss  L  of  the 
forsterite  laser  and  calculated  the  laser  gain 
cross  section.  Passive  (internal)  loss  L  can 
be  estimated  by  taking  the  ratio  of  the 
threshold  pump  energies  for  two  different 
output  mirrors  or  taking  the  ratio  of  slope 
efficiencies,  12  assuming  that 


Ethi  ~  L  +  Tj 

and 

(1) 

Tli~  Tj/(L+Ti),  i  =  1,2 

(2) 

where  Tj  is  the  output  mirror 
transmission.  Loss  L  is  then  given  by 

L  =  (T2  -  RlhTi)/(Rth  -1) 

where 

(3) 

Rth  -  Eth2/Ethl  / 

or 

(4) 

L-(Ra-1)TiT2/(T2-RaTi) 

where 

(5) 

Ra  =  *12/*1i- 

(6) 

For  various  combinations  of  output 
mirrors  a  value  of  11%  for  L  was  obtained 
by  using  both  techniques. 

Laser  gain  cross  section  shown  in 
Table  4  for  three  different  output  mirrors 
was  calculated  using  the  expression* 3 


1  2 

7ctphVr£o,(L+T)(a  +1) 

a  =  -f - fr - 1 -  (7) 

4i|l-exp(-al)J|  l-exp(-Tp/t)|EPth 

where  xpis  the  pump  pulsewidth,  hvp  is 
the  pump  photon  energy,  o)l  is  the  cavity 
mode  spot  size,  L  is  laser  internal  loss,  T  is 
the  output  mirror  transmission,  a=cop/(OL, 
where  cop  is  the  pump  beam  spot  size,  t  is 
the  upper  lasing  level  radiative  lifetime 
taken  to  be  ~25  ps,  a  is  the  absorption 
coefficient  for  the  pump  radiation,  1  is  the 
length  of  the  crystal,  and  Ep*h  is  the 
threshold  pump  energy  incident  on  the 
crystal. 

II.  Continuous- Wave  Laser  Operation 

To  obtain  cw  laser  action  a  sample 
of  chromium-doped  forsterite  (sample  1) 
was  placed  at  the  center  of  a  nearly 
concentric  cavity  formed  by  two  5-cm 
radius-of-curvature  mirrors  such  that  a 

cavity  mode  waist  was  75  pm.  The  output 
mirror  was  dielectric  coated  to  have  -1% 
transmission  for  the  1175  -  1250  nm  range, 
and  to  transmit  most  of  the  1064-nm 
pump  beam.  The  pump  radiation  from  a 
cw  NdrYAG  laser  was  focused  by  a  75-mm 
focal  length  lens  to  pump  the  sample 
longitudinally  along  the  30  mm  path 
length.  The  pump  beam  was  linearly 
polarized  along  the  b  axis  and  propagated 
along  the  a  axis  of  the  crystal  .  The  beam 
was  chopped  at  a  duty  factor  of  9:1  to 
reduce  heating  effects.  The  waist  of  the 
pump  beam  at  the  center  of  the  sample 
was  measured  to  be  70  pm. 

Quasi-cw  laser  operation  was 
obtained  for  pumping  above  the  lasing 
threshold  of  1.25  W  of  absorbed  power. 
The  measured  slope  efficiency  was  6.8%. 
The  cw  output  power  of  the  Cr.forsterite 
laser  as  a  function  of  absorbed  pump 
power  is  displayed  in  Fig.  9.  Laser 
operation  was  possible  even  when  the 
pump  beam  was  not  chopped,  but  at  40% 
reduced  output  indicating  losses  induced 
by  local  heating. 

The  spectrum  of  the  free-running 
laser  output  peaks  at  1244  nm  and  has  a 
bandwidth  of  12  nm. 
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Fig.  9  Output  power  of  the  cw  Cr:Mg2Si04  laser  as  a 
function  of  absorbed  pump  power. 

Using  results  obtained  from  CW 
lasing  experiment  several  important 
parameters  can  be  estimated.  From  an 
expression  for  the  slope  efficiency1^ 

ti=XpT/Xl(L+T)  (8) 

where  T  is  the  total  transmission  of  the 
cavity  mirrors,  L  is  the  internal  loss,  and 
Xp  and  Xi  are  pump  and  lasing 
wavelengths,  respectively,  a  value  of 
12.7%  for  L  has  been  estimated.  This  value 
is  in  reasonable  agreement  with  the  value 
of  11%  obtained  from  pulsed 
measurements. 

An  expression  similar  to  Eq.  ( 7 ) 
nhv^L+TXa2*!) 

4<n[l-exp(-al)] 

where  Pth  is  the  incident  threshold  pump 
power,  was  used  to  calculate  the  gain  cross 
section  from  the  CW  measurentfents.  A 
value  of  1.47x10*19  cm2  was  obtained,  in 
excellent  agreement  with  the  one  obtained 
from  pulsed  laser  experiments.  Both 
values  should  be  compared  to  the  value  of 
1.98x10*19  cm2  obtained  from  radiative 
lifetime  and  lineshape  measurements. 
The  discrepancy  can  arise  from  another 
loss  mechanism  such  as  excited  state 
absorption. 


From  the  gain  cross  section  and 
threshold  pump  power,  the  threshold 
population  inversion  density  was 
estimated  using  the  threshold  condition:1"* 

2aNthl  -  L+T  (10) 

A  value  of  1.6x1017  cm*3  for  the  population 
inversion  was  calculated.. 

The  key  continuous-wave  laser 
parameters  are  summarized  in  Table  5. 


TABLE  5:  Properties  of  cw  Laser  Operation 
of  Cr:Mg2Si04  Laser 


Property 

Value 

Lasing  Wavelength 

1244  nm 

Spectral  Bandwidth 
(FWHM) 

12  nm 

Lasing  Threshold 
(Absorbed  Power) 

1.25  W 

Slope  Efficiency 

6.8% 

Threshold  Inversion 
Density 

1.6  x  1017  cm-3 

Gain  Cross  Section 

1.47  x  10*19  cm2 

III.  Tunable  Operation  of  Forsterite  Laser 

Tunable  operation  of  Cr:forsterite 
laser  has  been  obtained  over  the  1167  - 
1345  nm  spectral  ranged  extending  the 
tuning  range  of  chromium-doped  laser 
crystals  further  into  near  infrared. 


Fig.  10  The  ratio  of  CnMg2Si04  laser  output  (El)  to 
the  absorbed  pump  energy  (Ep)  as  a  function  of 
wavelength.  The  three  curves  correspond  to  the 
three  output  couplers  used  in  tuning  measurements. 

Three  different  cavities,  with  a 
birefringent,  single  crystal  quartz  plate  at 
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Brewster’s  angle  as  the  intracavity 
dispersive  element  were  used  to  obtain 
smooth  continuous  tuning.  The  ratio  of 
the  Crrforsterite  laser  output  to  the 
absorbed  pump  energy  as  a  function  of 
wavelength  is  shown  in  Fig. 10.  The  laser 
output  peaks  at  1200  nm  with  an  energy 
per  pulse  of  125  pj  for  an  input  absorbed 
energy  of  1.9  mj.  The  scale  changes  for  the 
three  curves  arise  from  the  differences  in 
transmissions  of  the  output  coupling 
mirrors  used  in  the  three  cavities. 

Conclusion 

Measurements  of  absorption  and 
emission  spectra  ,  as  well  as  the 
wavelength  dependence  of  fluorescence 
lifetime  provides  convincing  evidence 
that  chromium  ion  may  enter  forsterite 
(Mg2SiC>4)  host  in  more  than  one  valence 
states.  Trivalent  chromium  (Cr3+)  enters 
substitutionally  for  divalent  magnesium 
(Mg2+)  in  two  inequivalent  octahedrally- 
coordinated  sites,  while  tetravalent 
chromium  (Cr4+)  substitutes  presumably 
for  SH+  at  tetrahedrally  coordinated  sites. 
Of  the  two  Cr3+  centers,  the  one  with 
mirror  symmetry  (Cs)  is  optically  active 
and  accounts  for  a  number  of  features  in 
absorption  and  emission  spectra.  The 
absorption  and  emission  due  to  transitions 
within  the  states  of  Cr4+  ion  overlap  with 
those  within  the  states  of  Cr3+  ion.  The 
absorption  and  emission  in  the  near 
infrared  spectral  region  between  850  and 
1150  nm  is  primarily  due  to  transitions 
between  the  3A2  ground  state  and  the  first 
excited  state  3T2,  of  the  Cr4+  ion.  The  four- 
level,  vibronic  mode  of  laser  operation  in 
Cr-doped  forsterite  feeds  on  3T2-»3A2 
transition. 

Chromium-doped  forsterite  is  an 
important  laser  in  the  near-infrared 
spectral  region.  It  can  be  operated  both  in 
the  pulsed  and  cw  mode  of  operation  and 
is  tunable  over  1167  -  1345  nm  range.  The 
large  fluorescence  bandwidth  promises 
ultrashort  pulse  generation  through 
mode-locked  operation.  Since  large  single 
crystals  can  be  easily  grown,  the  crystal  has 
potential  for  being  used  as  an  amplifier 
medium  in  the  near  infrared  spectral 
region. 
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Abstract 

Spectroscopic,  quantum  electronic,  and  laser  properties  of  chromium-doped  forsterite 

(Cr:Mg2Si04)  are  reviewed.  Spectroscopic  data  suggest  that  the  lasing  center  in  chromi urn- d oped 
forsterite  is  tetravalent  chromium  ion  (Cr4+),  not  the  common  trivalent  chromium  (Cr3  +  ).  Pulsed, 
continuous- wave,  and  tunable  operation  in  the  I  167-1345nm  region  are  presented. 


Introduction 

During  the  last  10  years  tunable  solid  state  lasers  have  emerged  as  an  alternative  to  dye  lasers.  Dye 
lasers  have  the  advantage  of  high  gain,  low  cost,  and  there  are  many  dyes  spanning  the  visible  and  near 
infrared  region.  Many  disadvantages  of  dye  lasers  such  as  toxicity,  poor  long  term  reliability,  narrow 
wavelength  range,  make  dye  lasers  unsuitable  for  hospital,  airborn,  mobile,  or  spaceborn  use.  Tunable 
solid  state  lasers  are  expensive  to  build  and  have  lower  gain  coefficient.  On  the  other  hand,  tunable 
solid  state  lasers  offer  broad  tunability  range,  higher  reliability,  compactness  and  long  term  stability. 

Chromium-doped  forsterite  (Cr:Mg2$i04)  laser  is  an  important  member  of  the  ever  growing  family 
of  tunable  solid  state  lasers  based  on  chromium  ion  as  the  lasing  center.  i-3  Pulsed*  and  continuous- 
wave4  laser  operation  have  been  achieved  for  532-nm  and  I064-nm.The  tuning  range  now  covers  the 
1  1  67  -  1345  nm  range. 5  The  most  interesting  and  distinguishing  feature  of  laser  action  in  Cr:Mg2Si04 
is  that  the  lasing  ion  is  not  trivalent  chromium  (Cr3+),  as  is  the  case  with  the  rest  of  the 
chromium -based  lasers,  the  active  ion  is  tetravalent  chromium  (Cr4+). 

In  this  presentation,  we  review  the  spectroscopic  and  laser  properties  of  chromium  doped  forsterite 


Spectroscopic  Properties 

The  spectroscopic  properties  of  forsterite  distinctly  depend  on  the  growth  atmosphere  since  the 
relative  concentration  of  Cr3+  and  Cr4+  ions  in  Mg2S!04  depends  on  the  growth  atmosphere.  Growing 
the  crystal  in  a  reducing  atmosphere  the  relative  concentration  of  Cr4+  ions  can  be  reduced  and  that  of 
Cr3+  increased.  We  will  compare  measurements  on  crystals  grown  by  Czochralski^  method  under 
standard  conditions  with  those  grown  in  reducing  atmosphere,  and  attempt  to  identify  the  contributions 
from  different  centers. 

Earlier  spectroscopic  work8  on  chromium-doped  forsterite  was  based  on  the  assumption  that  only 
trivalent  chromium .  (Cr3+)  substitutes  for  the  octahedrally  coordinated  Mg2  +  ions  in  Mg2Si04  host. 
There  are  two  inequivalent  Mg2+  sites  in  forsterite,  one  with  mirror  symmetry  (C,)  and  the  other  with 
inversion  symmetry  (CO-  Trivalent  chromium  ion  enters  the  inversion  and  the  mirror  site  in  a  ratio  of 
3:2.  The  existence  of  Cr3+  ions  In  the  two  sites  in  the  ratio  given  above  has  been  verified  by  EPR  and 
ENDOR  measurements. 9.  to  Our  recent  spectroscopic  measurements  indicate  that,  in  addition  to  Cr3  + 
ions  in  those  sites,  tetrahedrally  coordinated  Cr4+  ions  are  also  present  in  the  Czochralski-grown 
forsterite.  Similar  conclusions  have  been  reached  for  crystals  grown  by  LHPG  method  as  well.7 

The  absorption  spectrum  of  Cr:Mg2Si04  grown  under  standard  conditions  (referred  to  as  sample  1. 
henceforth),  for  different  orientation  of  the  crystal  are  shown  in  Fig.  1.  The  spectra  are  characterized 
by  three  broad  absorption  bands  spanning  the  near  ultraviolet  to  near  infrared  spectral  regions.  The 
absorption  spectra  depend  strongly  on  the  polarization  of  the  incident  radiation  with  respect  to  the 
crystallographic  axes  of  the  host.  In  particular,  the  peak  position  of  the  strongest  band  in  the  red-green 
spectral  region  shifts  considerably  with  the  polarization.  Smaller  shift  has  been  observed  in  the  near 
infrared  region  as  well.  The  polarization  dependence  of  the  absorption  spectra  may  be  explained  in 
terms  of  lower  site  symmetry  of  chromium  ions  invoking  the  polarization  selection  rules. 

To  distinguish  between  the  contributions  from  Cr3  +  and  Cr4+  ions  to  the  absorption  spectra,  we 
have  complemented  the  absorption  spectrum  in  Fig.  1  by  the  spectrum  of  sample  2  which  was  grown  in  a 
reducing  atmosphere,  shown  In  Fig.  2.  Sample  2  contains  mostly  Cr3+  ions  as  compared  to  sample  1 
which  has  both  the  Cr3+  and  CM+  centers.  The  near  infrared  absorption  band  is  almost  missing  in  the 
spectrum  of  sample  2,  which  implies  that  the  band  is  due  to  transitions  within  the  states  of  Cr4  +  ion. 

For  the  visible  and  the  near  ultraviolet  absorption  regions  the  contributions  from  the  two  valence 
states  cannot  be  distinguished  so  easily  since  the  absorptions  due  to  Cr*+  and  Cr4+  ions  overlap  in 
these  spectral  regions.  To  gain  further  insight,  we  have  analyzed  both  the  spectra  in  terms  of  Tanabe- 
Sugano  formalism. I* 
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Fig.  1  Room  temperature  absorption  spectrum  of 
Cr:Mg2Si04  grown  under  standard  conditions 
for  all  three  crystal  orientations 


Fig.  2  Room  temperature  absorption  spectrum 
of  Cr:Mg2Si04  grown  in  a  reducing  atmosphere 
for  two  different  crystal  orientations. 


We  have  taken  Cr3  +  to  be  in  octahedrally  coordinated  sites  and  Cr4  +  to  be  in  tetrahed rally  coordinated 
sites.  Comparison  of  the  predicted  values  of  tetrahedral  Cr4  +  and  octahedral  Cr3  +  in  forsterite  with  the 
measured  values  are  presented  in  Tables  1  and  2.  respectively.  The  transition  assignments  in  Figs.  1 
and  2  follow  from  this  analysis. 


TABLE  1:  Energy  Levels  of  Cr4  +  :Mg2Si04 


Transition 

Energy  (cm-1) 
Measured  Predicted 

3  A2-*3T2 

9.  150 

(9,150) 

3A2— >3Ti 

15.430 

15.150 

3A2-*‘E 

15.875 

16.245 

3  A2->3Tj 

26.810 

26,800 

3  A2“»  1  T 1 

28,735 

28.700 

3T2->3A2 

8,750 

(8,750) 

TABLE  2:  Energy  Levels  ofCr3+  :M g2 Si04 


Transition 

Energy  (cm-l). 

Measured  Predicted 

4  A2-*4T2 

1 5 , 1 00 

(15,  100) 

4A2->2E 

14,450 

14,600 

4A2— *2Ti 

15,380 

15.300 

4a2->2t2 

21,050 

21,300 

4a2-*4tu 

21,500 

21 ,780 

4  A2->4Tib 

33,780 

33,940 

4T2->4A2 

11,100 

(1  1.  100) 

2E  ~+4 A2 

14,450 

14,600 

Fig.  3  Tanabe-Sugano  diagram  for  Cr4+  in 
tetrahedral  coordination. 


IODq/B 

Fig.  4  Tanabe-Sugano  diagram  for  Cf3  +  in 
octahedral  coordination. 
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Pred  ictcd  values  given  in  Table  1  are  based  on  Tanabe -S  ug  ano  diagram  for  tetrahedral  CM*  with 
parameters:  B  =  970  cm-i,  C=3.980  cm-i,  and  Dq=915  cm-l.  For  bands  whose  position  vary  with  the 
polarization  of  the  incident  light,  average  position  (the  centroid  of  three  bands  marked  3t,  jn  pie  { 
for  example)  is  taken  for  this  analysis.  Predicted  values  shown  in  Table  2  are  based  on  the  Tanabe- 
Sugano  diagram  for  octahedral  Cr3  +  with  parameters:  B=695  cm-i.  C-3,130  cm-i,  and  Dq  =  l  5  1 0  cm-i- 
The  Tanabe-Su  gano  diagrams,  with  transitions  indicated,  are  presented  in  Figs  3  and  4 

The  fluorescence  spectra  of  Cr:forsterite  taken  for  the  CH  +  -rich  sample  (s ample  1 )  are  shown  in 
Figs.  5  and  6.  The  spectra  for  sample  2  (containing  mostly  Cr3+)  are  shown  in  Fig  7  The  room 
temperature  spectrum  taken  with  sample  1.  excited  by  the  4  88-nm  line  of  Ar+  laser,  is  a 'broad  band 
spanning  680  -  1400  nm  range.  At  liquid  nitrogen  temperature  the  spectrum  breaks  up  into  three 
structured  bands.  The  fluorescence  covering  the  1100  -  1400  nm  range  is  the  Stokes-shifted  counterpart 
of  the  near  infrared  absorption,  and  is  attributed  to  3T2->3a2  transitions  in  CH+  ion.  The  sharp  zero- 
phonon  line  corresponds  to  purely  electronic  transition  between  the  3T2  and  3  a2  states  and  appears  as  a 
prominent  feature  in  both  absorption  and  emission  spectra.  Near  infrared  room  temperature  and  liquid 
”Mro_8tf.n  ^mperature  absorption  and  fluorescence  spectra  (fluorescence  excited  by  1064-nm  radiation) 
for  Ellb  axis  are  shown  in  Fig.  6.  Features  displayed  in  Fig.  6  are  completely  absent  from  the  near 
infrared  spectra  of  sample  2. 
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Fig.  5  Room  temperature  (thicker  line)  and  liquid 
nitrogen  temperature  (thin  line)  fluorescence 
spectrum  of  Cr:Mg2Si04  grown  under  standard 
conditions  for  488-nm  excitation  parallel  to  b  axis. 


Fig.  6  Room  temperature  (solid  line)  and  liquid 
nitrogen  temperature  (broken  line)  absorption  and 
fluorescence  spectra  (fluorescence  excited  by  488 
nm  radiation)  of  Cr:Mg2S»04  grown  under  standard 
conditions  for  E  II  b  axis. 


The  sharp  line  at  692  nm  observed  at  liquid  nitrogen  temperature  is  attributed  to  2e^4a2  transition  (R- 
jme)  in  Cr3+  ions.  This  line,  followed  by  a  structured  sideband  that  extends  to  750  nm  is  also  present 
in  the  fluorescence  spectrum  of  sample  2.  These  features  are  shown  as  insets  in  Figs.  5  and  7. 
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<lhicker  ,in«)  and  liquid  nitrogen  temperature  (thin  line)  fluorescence 
spectrum  of  Cr:Mg2$iC>4  grown  in  a  reducing  atmosphere  for  488-nm  excitation  and  E  II  b 

a*is*  ThC  *pectra  wcre  taken  PI’S  detector  which  was  not  sensitive  enough  to  detect  the 

692-nm  zero-phonon  line  and  its  sideband  shown  in  the  inset.  These  features  were  resolved 
with  a  photomultiplier  tube  with  S-20  response. 
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The  room  temperature  spectrum  of  simple  2  extends  only  to  1200  nm,  and  shows  contribution  from 
Cr5  f  ions  predominantly.  The  emission  transitions  for  both  Cr3+  and  Cr4  +  ions  are  indicated  in  the 
Tanabe-S  ugano  diagrams. 

We  have  measured  fluorescence  lifetime  as  a  function  of  wavelength  both  at  room  and  liquid 
nitrogen  temperatures  using  streak  camera  coupled  to  a  spectrometer.  The  fluorescence  lifetime  for  Cr4  + 
emission  in  1100-1400  nm  range  is  2.7  jxs  at  room  temperature,  and  25  ps  at  liquid  nitrogen 
temperature.  The  15  ps  lifetime  measured  at  shorter  wavelengths,  characteristics  of  Cr*+  fluorescence, 
did  not  change  significantly  at  liquid  nitrogen  temperature.  Temperature  dependence  of  the  fluorescence 
lifetime  indicates  presence  of  strong  nonradiative  relaxation  for  Cr4  +  ions,  which  is  not  so  prominent 
for  Cr3+  ions  in  this  temperature  range. 
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Fig.  8  Temperature  dependence  of  the  fluorescence  lifetime  of  chromium-doped  forsterite  for 
1064-nm  excitation. 


Laser  Operation 

I.  Pulsed  Laser  Action 

Laser  experiments  were  conducted  with  samples  rich  in  Cr4+  in  a  stable  cavity.  Details  of  the  cavity 
arrangement  is  shown  in  figure  9  and  have  been  described  elsewhere.1-5 
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CAVITY 


F, 


Fig.  9.  Cavity  arrangement  for  the  forsterite  laser 

The  fundamental  and  the  second  harmonic  beams  from  a  Q-switched  Nd:YAG  laser  operating  at  10- 
Hz  repetition  rate  were  used  for  excitation  of  the  near  infrared  and  the  visible  bands.  Pulsed  laser 
action  was  observed  for  both  the  1064-nm  and  532 -nm  pumping.1  The  amplitude  and  duration  of  the 
Cr:Mg2S104  laser  pulse,  as  well  as  its  delay  with  respect  to  the  pump  pulse,  varied  with  the  pump  pulse 
energy  fluctuation.  For  simitar  level  of  excitation  and  within  the  time  resolution  of  the  experiment,  no 
difference  in  the  delay  between  the  pump  pulse  and  the  output  laser  pulse  for  the  two  pump  wavelengths 
was  observed. The  spectra  of  the  free-running  laser  radiation  for  both  the  1064-nm  and  532-nm  pumping 
peaked  at  1235  nm  and  had  linewidth  of  30  nm  and  27  nm,  respectively.  These  facts  clearly  indicate  that 
the  same  center  is  responsible  for  laser  action  for  both  the  1064-nm  and  532-nm  excitations.  In  case  of 
1064-nm  pumping  the  lasing  level  is  directly  populated.  Similar  results  were  obtained  for  pumping  with 
the  629-nm  radiation  obtained  by  stimulated  Raman  scattering  of  the  532-nm  radiation  in  ethanol. 
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To  improve  the  laser  performance,  sample  1  was  anti- re  flection  coated  such  that  reflectivity  over 
the  1050-1250  nm  range  was  less  than  0.5  %.  Attempts  were  made  to  overlap  the  pump  beam  and  the 
cavity  mode  more  accurately.  The  sample  was  longitudinally  pumped  by  1  064-nm,  10-ns  pulses  from  a 
Q-Switched  Nd:YAG  laser  in  a  cavity  similar  to  that  used  earlier.  Different  sets  of  laser  mirrors  were 
used.  Summary  of  the  laser  performance  for  three  different  laser  cavities  is  presented  in  Table  3. 

TABLE  3:  Summary  of  Laser  Parameters  for  Pulsed 
Laser  Operation  (1064-nm  pumping) 


Output  Coupling 

Parameter 

13% 

2% 

6% 

Lasing 

Wavelength 

1200  nm 

1235  nm 

1250  nm 

Free-running 

- 

30  nm 

- 

Bandw  id  th 
Threshold 

0.38  mJ 

0.20  mJ 

0.27  mJ 

Abs.  Energy 
Slope 

22.8% 

5.  1% 

12.1% 

Efficiency 

Gain  Cross 

1.40 

1. 44 

1.40 

Section 
(10-19  cm2) 

Surface  damage  of  the  Cr:fors terite  laser  crystal  was  observed  for  pumping  energies  greater  than 
4mJ.  for  5ns  pulses,  at  10Hz  repetition  rate,  focused  to  250pm  radius  spot. This  corresponds  to  damage 
threshold  energy  density  greater  than  6J/cm2,  for  5ns  pulses.  Therefore,  a  1cm  diameter  laser  pumped 
forsterite  rod  can  be  used  to  generate  high  energy  pulses  in  the  joule  range. 

Output  energy  of  the  forsterite  laser  as  a  function  of  absorbed  pump  energy  for  three  different 
output  couplers  is  shown  in  Fig.  10. 
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Fig.  10  Output  energy  of  Cr:Mg2Si04  laser  as  a  function  of  absorbed  pump  energy  for 
1064-nm  pumping  and  E  II  b  axis  for  three  different  output  couplers. 

Using  data  from  Table  4  we  have  estimated  the  passive  loss  L  of  the  forsterite  laser  to  be  11%,  and 
calculated  the  laser  gain  cross  section. 

Laser  gain  cross  section  shown  in  Table  4  for  three  different  output  mirrors  was  calculated  using 
the  expression^ 

2  2 

TtTfhv^CL+TXa  +1) 

4i[l-exp(-al)]  |l-exp(-t  p/t)|ep  ^ 


where  xp  is  the  pump  putsewidth,  hvp  is  the  pump  photon  energy,  ©l  is  ihe  cavity  mode  spot  size,  L  is 
laser  internal  loss*  T  is  the  output  mirror  transmission,  a  =  ©p/©L.  where  ©p  is  the  pump  beam  spot  size, 
t  is  the  upper  lasing  level  radiative  lifetime  taken  to  be  -25  ps .  a  Is  the  absorption  coefficient  for  the 
pump  radiation,  1  is  the  length  of  the  crystal,  and  Epth  is  the  threshold  pump  energy  Incident  on  the 
crystal. 
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II.  Continuous  *  Wave  Laser  Operation 

To  obtain  cw  laser  action  a  sample  of  chromium-doped  forsterite  (sample  1)  was  placed  at  the  center 
of  a  nearly  concentric  cavity  formed  by  two  5-cm  radius-of-curvature  mirrors  such  that  a  cavity  mode 
waist  was  75  pm.  The  output  mirror  was  dielectric  coated  to  have  -1%  transmission  for  the  1  1  75  -  1  250 
nm  range,  and  to  transmit  most  of  the  1064-nm  pump  beam.  The  pump  radiation  from  a  cw  Nd  :Y  AG  laser 
was  focused  by  a  75-mm  focal  length  lens  to  pump  the  sample  longitudinally  along  the  30  mm  path 
length.  The  pump  beam  was  linearly  polarized  along  the  b  axis  and  propagated  along  the  a  axis  of  the 
crystal  .  The  beam  was  chopped  at  a  duty  factor  of  9:1  to  reduce  heating  effects.  The  waist  of  the  pump 
beam  at  the  center  of  the  sample  was  measured  to  be  70  pm. 

Quasi-cw  laser  operation  was  obtained  for  pumping  above  the  lasing  threshold  of  1.25  W  of 
absorbed  power.  The  measured  slope  efficiency  was  6.8%.  The  cw  output  power  of  the  C r: forsterite 
laser  as  a  function  of  absorbed  pump  power  is  displayed  in  Fig.  I  1.  Laser  operation  was  possible  even 
when  the  pump  beam  was  not  chopped,  but  at  40%  reduced  output  indicating  losses  induced  by  local 
heating. 

The  spectrum  of  the  free-running  laser  output  peaks  at  1244  nm  and  has  a  bandwidth  of  12  nm. 


•  ABSORBED  PUMP  POWER  (W) 

Fig.  11  Output  power  of  the  cw  Cr:Mg2Si04  laser  as  a  function  of  absorbed  pump  power. 

Using  results  obtained  from  CW  lasing  experiment,  a  value  of  12.7%  for  L  the  internal  loss  has 
been  estimated12.  This  value  is  in  reasonable  agreement  with  the  value  of  11%  obtained  from  pulsed 
measurements.  The  gain  cross  section  was  estimated  to  be  1.47xl0*19cm2,  in  excellent  agreement  with 
the  value  obtained  from  pulsed  laser  experiments.  Threshold  population  Inversion  density  was  estimated 
to  be  ! .  6x  1017cm*3.  The  key  continuous- wave  laser  parameters  are  summarized  in  Table  4. 

TABLE  4:  Properties  of  cw  Laser  Operation 
of  Cr:Mg2Si04  laser 


Property 

Value 

Lasing  Wavelength 

1244  nm 

Spectral  Bandwidth 

12  nm 

(FWHM) 

Lasing  Threshold 

1.25  W 

(Absorbed  Power) 

Slope  Efficiency 

6.8% 

Threshold  Inversion 

1.6  x  1017  cm-3 

Dens  ily 

Gain  Cross  Section 

1.47  x  10-19  cm2 

Ilf.  Tunable  Operation  of  Forsterite  Laser 

Tunable  operation  of  Cr:forsterite  laser  has  been  obtained  over  the  1  167  -  1345  nm  spectral 
range. 5  using  single  crystal  quartz  birefringent  plate,  extending  the  tuning  range  of  chromium-doped 
laser  crystals  further  into  near  infrared.  The  ratio  of  the  Criforsterite  laser  output  to  the  absorbed  pump 
energy  as  a  function  of  wavelength  is  shown  in  Fig.  12 
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Fig.  12  The  ratio  of  the  Cr:forsterite  laser  output  (El)  to  the  absorbed  pump  energy  (Ep) 
as  a  function  of  wavelength.  The  three  curves  correspond  to  the  three  output  couplers 
used  in  tuning  measurements. 


Conclusion 

Measurements  of  absorption  and  emission  spectra  .  as  well  as  the  wavelength  dependence  of 
fluorescence  lifetime  indicate  that  chromium  ion  may  enter  forsterite  (Mg2SiC>4)  host  in  more  than  one 
valence  states.  Trivalent  chromium  (Cr3+)  enters  substitutionally  for  divalent  magnesium  (Mg2  +  )  in  two 
inequivalent  octahedrally -coordinated  sites,  while  tetravalent  chromium  (Cr4+)  substitutes  presumably 
for  S  i4  +  at  tetrahedrally  coordinated  sites.  Of  the  two  Cr3  +  centers,  the  one  with  mirror  symmetry  (Cs) 
is  optically  active  and  accounts  for  a  number  of  features  in  absorption  and  emission  spectra.  The 
absorption  and  emission  due  to  transitions  within  the  states  of  Cr4  +  ion  overlap  with  those  within  the 
states  of  Cr3+  ion.  The  absorption  and  emission  in  the  near  infrared  spectral  region  between  850  and 
1150  nm  is  primarily  due  to  transitions  between  the  3A2  ground  state  and  the  first  excited  state  3T2,  of 
the  Cr4+  ion.  The  four-level,  vibronic  mode  of  laser  operation  in  Cr-doped  forsterite  feeds  on  3T2-»3A2 
transition. 

Chromium-doped  forsterite  is  an  important  laser  in  the  near-infrared  spectral  region.  Table  5  lists 
the  thermal  and  optical  properties  of  forsterite  and  YAG  crystals,  which  suggests  that  forsterite  may  be 
developed  in  a  reliable  tunable  source  of  radiation  for  the  near  infrared  region.  Forsterite  can  be 
operated  both  in  the  pulsed  and  cw  mode  of  operation  and  is  tunable  over  1  167  -  1345  nm  range.  The 
large  fluorescence  bandwidth  promises  ultrashort  pulse  generation  through  mode-locked  operation. 
Since  large  single  crystals  can  be  easily  grown,  the  crystal  has  potential  for  being  used  as  an  amplifier 
medium  in  the  near  infrared  spectral  region  and  to  produce  joule  energy  pulses  . 

Tahit  5;  Physical..  Tfrc.rmal  andJ3piicaLPrppsrtics  of  Ffli3tcritc.and  YAG  Crystals 


Forsterite 

YAG 

Chemical  Formula 

Cr:Mg2Si04 

Nd:Y3A,5°12 

Concentration  (cm*3) 

~3-6x  1018 

1.38  x  1020 

Melting  Point  (°C) 

18  90 

1970 

Density  (g/cm3) 

3. 22 

4.56 

Mob's  Hardness 

7 

8.5 

Thermal  Expansion  Coeff. 

9.5  x  10'6 

8.0  x  10*6 

Thermal  Conductivity 
(W/cmdK) 

0.08  (@  300°K ) 

0.  13  (@  300®K ) 

dn/dT  (TC*1) 

Not  Measured' 

7.3  x  10*6 

Emission  Bandwidth 

13  50  cm'1 

6  cm*1 

Stimulated  emission 

Cross  Section  (cm-2) 

1.44  x  10’19 

6.5  x  10*19 

Relaxation  time  of  Terminal 
Lasing  Level 

<10ps  (Estimated) 

30ns 

Radiative  Lifetime 

25  ps 

550ps 

Spontaneous  Fluorescence 

2.7ps 

'23  Ops 

Loss  Coefficient 

0.02  cm*1 

0.002  cm'1 

Index  of  Refraction 

1.635 

1.82  (@  1 ,0pm) 
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■  FEATURE:  TUNABLE  SOLID-STATE  LASERS 


Forsterite  laser  tunes 

in  near-IR 


INSTITUTE  FOR  ULTRAFAST  SPECTROSCOPY  ANO  LASERS 

Forsterite  laser  holds  promise  of  supplying  tunable  joule-level  pulses. 


New  laser  crystal  uses  Cr4+ 
as  active  medium,  operates 
pulsed  or  CW,  and  tunes 
over  the  1167-  to  1345-nm 
range. 

Bu  V'.  Pctricevic.  A.  Seas, 
and  R.  R.  Alfano 

D 

I  Research  in  tunable  solid-state  la¬ 
sers  has  been  extensive  in  the  1980s, 
prompted  by  the  successful  laser  oper- 
ation  of  alexandrite  (Cr3“-doped 
BeANOj)  in  1979. 1 :  The  thrust  of  these 
endeavors  has  been  twofold:  first  to 
look  for  new  host  materials  for  the 
trivalent  chromium  ion  (Cr3-),  and 
second  to  search  for  new  ions  that  will 
exhibit  laser  action  in  common  host 
crystals.  (See  LF  World,  fune  1990,  p. 
69.  for  a  review  of  commercial  tunable 
solid-state  lasers.  —  Ed.] 

These  efforts  have  been  rewarded 
by  the  successful  wavelength-tunable 
laser  operation  of  Cr3"  in  a  number  of 
hosts/4-3  by  the  discovery  of  a  new 
lasing  ion,  trivalent  titanium  (Ti3*),6-7 
as  well  as  by  ‘'rediscover/'  of  tunable 
phonon-terminated  lasers  based  on 
the  divalent  ions  Ni2",  Co2",  and 
V*- 

As  a  consequence  of  these  research 
efforts  of  the  past  ten  years,  tunable 
solid-state  lasers  have  emerged  as  an 
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alternative  to  dye  lasers.  Dye  lasers 
have  advantages,  such  as  high  gain 
and  low  cost.  But  compared  to  solid- 
state  lasers,  dye  lasers  are  often  un¬ 
suitable  for  hospital,  airborne,  mobile, 
or  spacebome  use  because  of  their 
toxicity,  long-term  unreliability,  and 
narrow  tuning  range. 

The  relative  importance  of  tunable 
solid-state  lasers— despite  their  being 
more  expensive  to  build  and  charac¬ 
terized  bv  lower  gain  coefficients— 
stems  from  their  advantages  com¬ 
pared  to  dye  lasers.  Among  these 
advantages  are  broad  tuning  range, 
high  reliability,  compactness  (particu¬ 
larly  if  they  could  be  pumped  by  semi¬ 
conductor  diode  lasers),  and  longer 
operational  lifetimes.  These  properties 
make  them  suitable  for  spacebome 
remote  sensing,  ranging,  lidar,  and 
optical  communications.  'Tunable  sol¬ 
id-state  lasers  also  have  potential  for 
various  medical,  industrial,  and  basic 
scientific-research  applications. 

Several  tunable  solid-state  laser  ma¬ 
terials  and  their  corresponding  tuning 
ranges  are  shown  in  Fig.  1.  This  article 


describes  the  laser  and  optical  proper¬ 
ties  of  Cr-doped  forsterite 
(Cr:Mg:Si04)— a  new  tunable  laser 
material  that  fills  the  spectral  void  in 
the  near-IR  (see  photo). 

Properties  of  Cr:Mg2$i04 

Cr-doped  forsterite  has  become  an  im¬ 
portant  member  of  the  ever-growing 
family  of  tunable  solid-state  lasers 
based  on  the  chromium  ion  as  the 
lasing  center.13-20 

Both  pulsed  and  continuous-wave 
(CW)  laser  operation  have  been  ob¬ 
tained  for  Cr-doped  forsterite  with 
532-,  578-,  629-,  and  1064-nm  pump¬ 
ing.  The  tuning  range  covers  the  spec¬ 
tral  range  from  1167  to  1345  nm,  thus 
filling  the  void  in  the  near-IR  spectral 
region.  This  wavelength  range  is  of 
technological  importance  because  it 
covers  the  region  of  minimal  disper¬ 
sion  in  optical  fibers.  Lasers  based  on 
the  chromium  ion  as  the  active  cen¬ 
ter— these  include  the  chromium- 
based  lasers  tabulated  by  Payne  and 
others,3  the  more  recentiv  developed 
lasers  based  on  Cr-doped  crystals  of 
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The  Hamamatsu  HC220  is  an 
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□  Spectral  range  190-1000  nm 
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FIGURE  I.  Tuning  range s  for  common  tunable  solid-state  laser  materials  cover  a 
broad  spectrum. 


others, -  the  more  recently  developed 
lasers  based  on  Cr-doped  crystals  of 
calcium  gallogermanate  structure,4  as 
well  as  those  based  on  the  Cr-doped 
YAG  crystal,5  — now  span  the  broad 
spectral  range  of  695  to  1450  nm. 

The  most  interesting  and  distin¬ 
guishing  feature  of  laser  action  in 
Cr:Mg2Si04  is  that  the  lasing  ion  is  not 
trivalent  chromium  (Cr3~),  as  is  the 
case  with  other  chromium-based  la¬ 
sers.  Available  experimental  data  sug¬ 
gest  that  the  active  ion  in  this  crystal  is 
tetravaient  chromium  (Cr4“).  There- 


fore,  Cr:Mg:Si04  is  the  first  laser  crys¬ 
tal  in  which  the  laser-active  center  is 
identified  as  Cr4".1415  As  of  this  writ¬ 
ing,  Cr:YAG  is  the  only  other  laser 
medium  in  which  tetravaient  chromi¬ 
um  is  the  ion  responsible  for  laser 
action. 

Single  crystals  of  Cr-doped  forster- 
ite  used  in  our  spectroscopic  and  laser 
experiments  have  been  grown  bv  the 
Czochralski  method.  The  trivalent 
chromium  ion  enters  as  a  substitute 
for  Mg2-  in  two  inequivalent  sites: 
one  with  inversion  (C.)  and  the  other 


Chemical  formula 
Concentration  (cm-3) 

Melting  point  (°C) 

Density  (g/cm3) 

Moh's  hardness 
Thermal  expansion  coefficient 
Thermal  conductivity  (W/cmK) 
5n/Sf  (K-1) 

Stimulated  emission  cross  ' 
section  (cm-2) 

Relaxation  time  of  terminal 
lasing  level 
Radiative  lifetime 
Spontaneous  fluorescence 
Loss  coefficient 
Index  of  refraction 


Forsterite 


Cr:Mg2SiO« 
=*3-6  x  10'8 
1890 
3.22 
7 

9.5  x  10-€ 
0.08  (300  K) 

►  not  measured 


<10  ps  (estimated) 
25  ps 
2.7  ps 
0.02  cm-’ 

1.635 


NdiYAG 


Nd:Y3AI5012 

1.38  x  1020 

1970 

4.56 

8.5 

8.0  x  10'* 
0.13  (300  K) 
7.3  x  10'* 


30  ns 
550  p.s 
230  ns 
0.002  cm'1 
1.82  (@-1.0  nm) 
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FIGURE  2.  The  output  energy  of  the 
Cr.forsterite  laser  as  <f  function  of  absorbed 
pump  energy  varies  tor  three  different 
output  couplers. 

with  mirror  (C)  symmetry.  In  addi¬ 
tion  to  Cr3"  ions  in  those  sites,  tetra- 
hedrallv  coordinated  Cr4-  ions  are 
also  present  in  Czochralski-grown  for- 
sterite.  The  relative  concentration  of 
Cr3-  and  Cr4*  ions  in  Mg2Si04  de¬ 
pends  on  the  growing  atmosphere. 
Growing  the  crystal  in  a  reducing  at¬ 
mosphere  allows  the  relative  concen¬ 
tration  of  Cr4"  ions  to  be  reduced  and 
that  of  Cr1-  to  be  increased. 

Spectroscopic  measurements  per¬ 
formed  on  Cr:Mg;Si04  crystals  grown 
under  standard  conditions  (in  an  oxi¬ 
dizing  atmosphere)  and  those  grown 
in  a  reducing  atmosphere  include 
measurements  of  absorption  spectra, 
fluorescence  and  excitation  spectra, 
and  lifetime  measurements  as  a  func¬ 
tion  of  temperature.16 

The  results  of  these  measurements 
provide  convincing  evidence  that 
there  are  at  least  three  inequivalent 
optically  active  centers  in  Cr-doped 
forsterite:  trivalent  chromium  (Cr3*) 
occupies  two  octahedrally  coordinated 
sites,  while  tetravalent  chromium 
(Cr4*)  substitutes  for  silicon  (Si4-)  in  a 
tetrahedral  site.  It  is  the  tetrahedral 
Cr4*  that  gives  Cr-doped  forsterite 
many  unique  and  important  proper¬ 
ties.  Lack  of  inversion  symmetry  at 
the  tetrahedral  site  makes  transition 
strengths  of  Cr4*  stronger  than  those 
of  Cr  ,  and  spectral  features  of  Cr4  * 
are  dominant  in  the  spectra. 

The  emission  is  shifted  considerably 
into  the  near-IR  spectral  region,  which 
is  important  for  eve-safe  ranging,  opti¬ 
cal  communications,  and  medical  and 
scientific  research  applications.  Tetra- 
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FIGURE  3.  The  ratio  of  the  Cr.forsterite  laser  output  <EL)  to  the  absorbed  pump 
energy  (Ep)  is  plotted  as  a  function  of  wavelength. 


hedral  Cr4'  has  three  broad  spin-al¬ 
lowed  absorption  bands  that  can  be 
pumped  efficiently  for  laser  operation. 
This  property  is  particularly  important 
for  flashlamp-pumped  operation.  The 
CV"  ion  in  a  tetrahedral  position  is 
chemically  stable  because  of  high  co¬ 
valency  with  the  surrounding  oxygen 
ions. 

The  physical  properties  of  Cr-doped 
forsterite  also  appear  to  be  promising. 
Table  1  compares  physical,  thermal, 
and  optical  properties  of  forsterite  and 
N'd:YAG  crystals.  The  broad  emission 
bandwidth  suggests  that  Cr-doped 


forsterite  may  be  developed  as  a  reli¬ 
able  tunable  source  for  the  near-IR 
spectral  region. 

Modes  of  laser  operation 

Pulsed  laser  operation  was  obtained 
with  samples  rich  in  Cr4~  in  a  stable 
cavity.  Details  of  the  cavity  arrange¬ 
ment  have  been  described  else¬ 
where.13  Pulsed  laser  action  was  ob¬ 
served  for  both  1064-  and  532-nm 
pumping.  The  spectra  of  the  free- 
running  laser  radiation  for  both  the 
1064-  and  532-nm  pumping  peaked  at 
1235  nm  and  had  linewidths  of  30  and 
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Table  2.  S| 
Cr:Mg2SK>4 


Property 


Value 


Major  pump  bands 


Fluorescence  bend 

Room-temperature  fluorescence  lifetime 
Lasing  wavelength  (center) 


Spectral  bandwidth 

Slope  efficiency 

Tuning  range 
Gain  cross  section 


850-1200  nm 
600-850  nm 
350-550  nm 

680-1400  nm 
**3  ps 

1235  nm  (pulsed) 
1244  nm  (CW) 

30  nm  (pulsed) 

12  nm  (CW) 

23%  (pulsed) 

38%  (CW) 

1167-1345  nm 

=*1.45  x  10“19cm2 
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27  ncn.  respectively.  Highest  slope  ef¬ 
ficiency  obtained  to  date  is  23^  tor 
[064-nm  pumping,  with  an  output 
mirror'  having  13^  transmission  at 
1200  nm.  Output  energy  of  the  forster- 
ite  laser  as  a  function  of  absorbed 
pump  energy  for  three  different  out¬ 
put  couplers  is  >hown  in  Fig.  2. 

Surface  damage  of  the  Cr:Mg:Si04 
crvstal  was  observed  for  pumping  en¬ 
ergies  greater  than  4  mj  of  energy 
incident  on  the  crystal,  for  5-ns 
pulses,  at  10-Hz  repetition  rate,  fo¬ 
cused  to  a  250- mm  radius  spot.  This 
corresponds  to  damage-threshold  en¬ 
ergy  densitv  greater  than  6  J.crrr  for  5- 
ns  pulses,  which  means  that  a  l-cm- 
dia meter  laser-pumped  forsterite  rod 
can  be  used  to  generate  pulses  of 
energy  in  the  joule  range. 

CU*  laser  operation  was  obtained 
using  1064-nm  radiation  from  a  CVV 
\'d:\AG  laser  as  the  pumping 
source. The  lasing  threshold  was 
1.25  W  of  absorbed  power.  The  mea¬ 
sured  slope  efficiency  was  6.8cc.  The 
spectrum  of  the  free-running  laser 
output  peaks  at  1244  nm  and  has  a 


FIGURE  4.  Ateoryticn  spec trinn  of 
icater  >  l -on  path’ength)  changes  signifi¬ 
cantly  over  the  tunable  region  of  the 
Cr:forsterite  laser. 


bandwidth  of  12  nm.  Recently,  we 
have  measured  slope  efficiency  as 
high  as  38°t  for  CW  operation,  and 
limiting  slope  efficiency  that  may  be 
obtained  if  all  passive  losses  are  elimi¬ 


nated  is  estimated  to  be  greater  than 
65cc.:i 

Tunable  operation  of  the  Crforster- 
ite  laser  has  been  demonstrated  over 
the  1167-  to  1345*nm  spectral  range.  ■* 
A  birefringent  single-crystal  quartz 
plate  at  Brewster's  angle  was  used  as 
the  intracavitv  dispersive  element. 
Three  different  output  mirrors  with 
transmission  in  adjacent  wavelength 
ranges  were  used  to  cover  the  tuning 
range.  The  ratio  of  the  laser  output 
energy  to  the  absorbed  pump  energy 
as  a  function  of  wavelength  is  shown 
in  Fig.  3.  Some  of  the  important  spec¬ 
troscopic  and  laser  parameters  of 
Cr:Mg;SiO<  are  listed  in  Table  2. 

Cr-doped  forsterite  is  the  basis  of  a 
new  solid-state  laser  tunable  in  the 
near-lR  spectral  range.  '  and  other 
Cr^" -doped  crystals  are  under  de\el- 
opment.:':  The  tuning  range  or  Cr- 
doped  forsterite  covers  the  \eid  spec¬ 
tral  region,  which  is  not  by  any  other 
tunable  solid-state  laser  (excluding 
color-center  lasers). 

Potential  medical  applications  are  - 
interesting  because  the  absorption 


FORSTERITE 


New  Crystal  For  Solid-State  Lasers 
Fills  Spectral  Void  In  Near-Infrared 


Discover  the  special  properties  unique  to  chromium-doped  Forsterite  (Mg2Si04),  an  important  new 
crystal  for  tunable  solid-state  lasers. 

*  Forsterite’s  tuning  range  covers  the  1167  to  1345  nm  spectral  range,  filling  a  serious  void  that 
had  existed  in  the  near-infrared  spectral  region.  The  significance  of  this  wavelength  range  is 
underscored  by  the  fact  that  it  covers  the  region  of  minimal  dispersion  in  optical  fibers,  and  is 
important  for  semiconductor  characterization,  eye-safe  ranging,  optical  communications, 
medical,  industrial  and  scientific  research. 

*  Forsterite^  Tetrahedral  Cr4+  characteristic,  with  three  broad  spin-allowed  absorption  bands 
spanning  over  visible-  and  near-infrared,  makes  for  efficient  pumping  by  many  commercially 
available  lasers. 

ji 

For  further  information,  please  contact:  Medisciencc  Technology  Corporation 

Forsterite  Division 
14  Hast  60th  Street.  Suite  407 
New  York,  NY  10022 
Tel:  (212)980-8899 
Far.  (212)980-9552 


Mediscience  Technology  Corporation  is  the  sole  agent  in  North  America  for  the  Forsterite  laser  crystals 
manufactured  by  Mitsui  Mining  <k  Smelting  Co.  Ltd,  of  Tokyo,  Japan . _ 
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spectrum  of  water  changes  significant¬ 
ly  within  the  tuning  range  of  the 
Cr.forsterite  laser  (see  Fig.  4).  By 
changing  the  wavelength  of  the  laser 
radiation,  the  penetration  depth  of 
radiation  into  an  absorbing  sample 
can  be  controlled.  Because  water  is 
one  of  the  major  components  of  body 
tissue,  the  tunable  output  of  the 


Cr.forsterite  laser  may  find  use  in 
medical  applications. 

When  used  in  conjunction  with  a 
titanium-doped  sapphire  laser,  the  Cr- 
doped  laser  may  cover  nearly  the 
whole  visible  range  (using  second- 
harmonic  generation)  and  the  near-IR 
region  up  to  1350  nm.  The  large  fluo¬ 
rescence  bandwidth  of  Crforsterite 


has  the  potential  for  generating  ultra- 
short  pulses  through  mode-locked  op¬ 
eration.  Because  large  crystals  can  be 
easily  grown.  Cr-doped  forsterite 
crystal  has  the  potential  to  be  used  as 
an  amplifier  medium  to  produce  joule- 
energv  pulses.  H 

ACKNOWLEDGMENTS 

We  thank  Bob  Guenther  of  the  Army  Research 
Office  (ARO)  for  his  support  and  v  Terasnima 
and  K.  Yamagishi  of  Mitsui  Mining  and  Smelt¬ 
ing  Company  and  Mediscience  Technology  for 
providing  us  with  forsterite  crystals 

REFERENCES 

1.  J.  C.  Walling  et  al..  Opt.  Left.  4.  182  0979). 

2.  J.  C.  Wailing  et  al..  /£££  J.  Quantum  Elec¬ 
tron.  Of  -  f  6.  1302  (1980) 

3.  S.  A.  Payne  et  al.,  J.  Appi.  Phyj.  66.  ’-051 
(1989). 

4.  A,  A.  Kaminskii  et  al..  Phys.  Star  Sot  (a)  f  12. 
197  (1989). 

5.  N.  6.  Angert  et  al.,  Sov.  j  Quantum  Elec¬ 
tron.  18,  73  0  988). 

6.  P.  F.  Moulton,  J .  Opt.  Soc.  Am.  83.  12S 
(1986). 

7.  A.  I.  Alimpiev  et  al..  Sov.  J.  Quantum  Elec¬ 
tron.  16.  579  (1986). 

6.  P.  F.  Moulton  and  A.  Mooradian,  Appl. 

Phys.  Lett.  35,  838  (1979). 

9.  P.  F.  Moulton,  IEEE  J.  Quantum  £/ectron. 
06-18,  1 18S  (1982). 

10.  P.  F.  Moulton,  IEEE  J.  Quantum  £/ecfron. 
QE-21.  1582  (1985). 

11.  V.  Brauch  and  U.  Durr,  Opt.  Commun.  55.  35 
(1985). 

12.  W.  E.  Knierim  et  al.,  J.  Opt  5oc  Am  83.  1 19 
(1986)  and  references  therein 

13.  V.  Petricevic  et  al  ..Appl.  Phyrs.  Lett.  52.  1040 
(1988). 

14.  V.  Petricevic,  S.  K.  Gayen,  and  R.  R.  Alfano. 
Appl.  Phyt.  Left.  S3.  2590  0988). 

15.  H.  R.  Verdun  et  al.,  Appl.  Phys  tert.  S3. 
2593  (1988). 

16.  V.  Petricevic,  S.  K.  Gayen,  A.  Seas,  and  R  R. 
Alfano,  unpublished  data. 

17.  V.  Petricevic,  S.  K.  Gayen,  and  R.  R  Alfano. 
Opt  Left.  14,  612  (1989).  ■ 

18.  V.  Petricevic.  S.  K.  Gayen.  and  R  R  Alfano. 
Appl.  Opt.  28,  1609  (1989). 

19.  R.  R.  Alfano,  V.  Petricevic.  and  S  K  Gayen, 
"Chromium-doped  Forsterite  laser  System'. 
US  Patent  #4,932,031.  June  S.  1990 

20.  R.  R.  Alfano  and  V  Petricevic.  Tetravalent 
Chromium  as  laser-active  ion  for  Tunable 
Solid-State  Lasers,"  US  patent  (allowed 
1990). 

21.  V.  Petricevic.  A.  Seas,  and  R.  R.  Alfano.  to  be 
submined  for  publication 


YOUR  RATING,  PLEASE. . . 

Is  this  article  of  value  to  you? 
Please  circle  appropriate  number 
on  the  Reader  Service  Card. 

YES -383  NO -384  j 


'  i-'i-  t 

“  .  >  V  ' 

\\  • 


Ti:  Sapphire 
Nd:  YAG 
Lithium  Nlobate 
Ruby 

Ho,  Tm,  Cr.  YAG 

Tm,  YAG 

Er:  YAG 

Nd:  YV0, 

Sapphire  Optics 

"Supercoat” 
Optical  Coatings 


For  more  information  call  or  write: 

UNION  CARBIDE-CRYSTAL  PRODUCTS 

750  S.  32nd  Street.  Washougal.  WA  98671 
Cufomer  Service:(206)835-2001  •  Western  U.S.:(6l9)279-4500 
UK:7 1/439-4390  •  Europe:040/721 -7095  -Japan:03/201 -6585  •  Taiwan:02/712-6271 


116 


CIRCLE  NO.  132 


14.  S.  K.  Gayen,  W.  B.  Wang,  V.  Petri£evic,  S.  G.  Demos,  and  R.  R.  Alfano, 
"Picosecond  Excite-and-probe  Absorption  Measurements  of  Nonradiative 
Transition  Dynamics  in  Emerald",  J.  Lumin.  47,  181  (1991). 


Journal  of  Luminescence  47  (1991)  131-188 
Norih-Holland 


131 


Picosecond  excite-and-probe  absorption  measurement 
of  nonradiative  transition  dynamics  in  emerald 

S.K.  Gayen  a.  W.B.  Wang,  V.  Petricevic,  S.G.  Demos  and  R.R.  Aifano 

Institute  for  Ultrafast  Spectroscopy  and  Lasers.  Physics  Department  and  Electrical  Engineering  Department . 
The  City  College  of  New  York,  New  York.  NY  1 003 1.  USA 

"  Department  of  Physics  and  Engineering  Physics,  Stevens  Institute  of  Technology,  Hoboken.  NJ  07030.  USA 

Received  20  April  1990 
Revised  22  June  1990 
Accepted  23  June  1990 


The  nonradiative  transition  dynamics  between  the  excited  4T;  state  and  the  metastable  2E  storage  state  of  the  trivalent 
chromium  ion  in  emerald  is  investigated  using  the  picosecond  excite-and-probe  absorption  technique.  An  intra-“Tj  state 
vibrational  relaxation  time  of  23  ps.  and  a  4T2  -♦  2  E  electronic  relaxation  time  of  20  ps  are  obtained.  The  thermal  repopulation 
rate  of  the  4T2  state  from  the  metastable  2E  level  is  -  9.0 x  109  s_I. 


1.  Introduction 

Emerald  [Cr3+:  Be3AI2(Si03)6],  a  trivalent 
chromium-activated  beryl,  is  one  of  the  first 
room-temperature,  frequency  tunable  laser  crystals 
[1-4]  which  stimulated  the  recent  surge  in  vibronic 
solid  state  laser  research.  Emerald,  like  alexandrite 
[1]  operates  in  a  four  level,  phonon  terminated 
mode  and  exhibits  gain  over  a  695-835  nm  wave¬ 
length  range.  Its  broad  fluorescence  bandwidth, 
together  with  a  high  gain  cross  section  [2]  and  a  65 
[is  room  temperature  fluorescence  lifetime  [5]  make 
emerald  an  excellent  candidate  for  high  power, 
Q-s witched  or  mode-locked  operation.  Recently, 
highly  efficient  quasi-cw  laser  operation  has  been 
achieved  in  emerald  over  the  720-842  nm  tuning 
range,  with  a  maximum  output  of  1.6  W  at  a 
pump  power  of  3.6  W  at  647.1  nm  J6],  Although 
the  spectroscopic  [5-8]  and  laser  properties  [2,3] 
of  the  chromium  ion  in  emerald  are  well  docu¬ 
mented,  there  is  a  lack  of  time-resolved  experi¬ 
mental  investigations  of  the  nonradiative  relaxa¬ 
tion  processes  among  the  states  involved  in  laser 
action  in  this  system.  Theoretical  effort  has  in¬ 
volved  analysis  of  emerald  absorption,  emission 


and  thermal  quenching  of  lifetime  data  using  a 
single  configuration  coordinate  model  to  investi¬ 
gate  the  temperature  dependences  of  nonradiative 
transitions  [9].  Knowledge  about  various  loss 
mechanisms  is  crucial  for  better  understanding  the 
vibronic  laser  action,  as  well  as  for  the  fabrication 
of  future  generations  of  tunable  laser  crystals. 
Recently,  we  have  investigated  [10-13]  by  picosec¬ 
ond  time-resolved  spectroscopy  the  kinetics  of 
nonradiative  transitions  among  the  excited  pump 
states  and  metastable  storage  levels  in  a  number 
of  transition-metal  ion-doped  crystals:  alexandrite, 
ruby  and  Ti3  +  :  A1203.  In  this  paper,  a  picosecond 
excite-and-probe  absorption  study  of  nonradiative 
transition  dynamics  in  emerald  is  presented. 

Emerald  is  an  intermediate  field  Cr3+-based 
crystal  characterized  by  broad  band  4T3  ->  4A  2 
fluorescence.  Its  absorption  spectrum  consists  of 
two  broad  bands  at  640  and  420  nm  attributed  to 
the  4A2-*4T2  and  4A2-*4T,  transitions  of  the 
Or3+  ion,  respectively.  These  broad  bands  serve  as 
pump  bands  for  optical  excitation.  Optically  ex¬ 
cited  4T,  and  4T2  states  relax  predominantly  via 
nonradiative  transitions  to  the  5E  state.  Since  the 
ZE  -*■  4A2  transitions  are  both  first-order  spin-  and 
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parity  forbidden,  the  2E  level  has  a  longer  lifetime 
and  is  metastable.  The  2E-*4T2  energy  gap  in 
emerald  [5]  is  only  400  cm-1  compared  to  2300 
cm"1  in  ruby  and  800  cm-1  in  alexandrite.  This 
smaller  energy  gap  allows  significant  thermal  re- 
population  of  the  4T2  state  from  the  2E  at  room 
temperature.  The  metastable  2E  state  thus  acts  as 
a  storage  level  for  vibronic  transitions  from  the 
4T2  state  to  the  vibrational  levels  of  the  4A2  ground 
state. 

The  kinetics  of  intra-4T2  vibrational  transitions, 
the  4T2  2E  electronic  transition,  and  the  2E  -» 
4T2  thermal  repopulation  have  been  investigated  in 
our  study.  Higher-lying  vibrational  levels  of  the 
4T2-state  are  excited  by  a  picosecond  pump  pulse, 
and  the  subsequent  nonradiative  transition  dy¬ 
namics  is  investigated  by  monitoring  the  time 
evolution  of  the  optical  absorption  of  an  infrared 
picosecond  probe  pulse  from  the  excited  states.  In 
section  2,  we  present  a  brief  description  of  the 
experimental  scheme,  followed  by  an  overview  of 
the  experimental  results.  A  model  for  induced 
absorption  in  emerald  and  similar  crystals  is  out¬ 
lined  in  section  3.  The  model  uses  a  simplified 
energy-level  diagram  for  Cr3+  ions  in  beryl,  where 
the  states  directly  involved  in  laser  action  are 
considered.  The  metastable  storage  level  is  as¬ 
sumed  to  be  constituted  of  both  the  2E  and  the 
2Tx  level,  a  justified  assumption  since  the  two 
states  are  strongly  coupled  [5J.  Under  this  assump¬ 
tion,  the  model  ascribes  the  induced  absorption  to 
transitions  from  both  the  pump  and  the  storage 
levels,  and  estimates  the  instantaneous  population 
in  the  excited  states  from  rate  equations  governing 
the  population  kinetics.  The  key  nonradiative  re¬ 
laxation  parameters  for  emerald  obtained  from  a 
fit  of  the  experimental  data  to  this  model  are 
presented.  The  relaxation  rates  and  decay  times 
for  emerald  are  then  compared  to  those  for  similar 
tunable  laser  crystals. 


2.  Experimental  arrangement  and  result 

The  experimental  arrangement  uses  a  frequency 
doubled  5  ps  527  nm  pump  pulse  derived  from  a 
passively  mode-locked  Nd :  glass  laser  to  excite  the 
higher-lying  vibrational  (HLV)  levels  of  the  4T2 


state.  Nonradiative  relaxation  of  HLV  levels  re¬ 
sults  in  a  growth  of  the  population  in  the  zero 
vibrational  level  (ZVL)  and  lower-lying  vibra¬ 
tional  (LLV)  levels  of  the  4T2  state,  as  well  as  in 
the  metastable  2E  state.  This  time  evolution  of  the 
population  is  monitored  by  an  infrared  picosec¬ 
ond  probe  pulse  which  may  be  wavelength  tuned 
from  2  to  5  pm.  The  probe  pulse  is  generated  by 
parametric  amplification  in  a  pair  of  LiNbO? 
crystals  using  a  fraction  of  the  same  1054  nm 
pulse  that  generates  the  pump  pulse.  Infrared 
transmission  measurements  are  used  to  select  the 
probe  wavelength  in  such  a  way  that  the  host  and 
ground-state  probe  absorption  is  a  minimum. 

The  experimentally  measured  quantity  is  the 
change  in  the  optical  density  (OD)  of  the  probe 
pulse,  which  for  a  given  pump-probe  delay  time  t , 
is  given  by 

AOD(I)  =  Iog[(/s//r)u/(/s//r)p],  (1) 

where  /s//r  is  the  transmitted  probe-pulse  inten¬ 
sity  normalized  with  respect  to  the  intensity  of  the 
probe  pulse,  and  u  and  p  stand  for  the  unpumped 
and  pumped  conditions  of  the  sample,  respec¬ 
tively.  The  normalization  of  the  probe-pulse  inten¬ 
sity  (/s)  with  respect  to  the  probe-pulse  intensity 
before  the  sample  (/r),  measured  by  picking  up  a 
fraction  of  the  probe  pulse  with  a  beam-splitter- 
detector  combination,  is  necessary  to  account  for 
the  pulse-to-pulse  energy  fluctuation.  To  improve 
the  signal-to-noise  ratio,  the  normalized  probe  in¬ 
tensity  is  averaged  over  ten  laser  pulses  for  each 
value  of  the  delay  time.  The  kinetics  of  excited 
state  transitions  is  studied  by  measuring  AOD (O 
as  a  function  of  pump-probe  delay  time.  Details 
of  the  experimental  arrangement,  detection 
scheme,  signal  averaging  and  processing  technique 
have  been  reported  elsewhere  [10]. 

The  hydrothermally  grown  emerald  crystal  used 
in  this  experiment  was  obtained  from  Vacuum 
Ventures,  Inc.  It  contains  0.29  tft%  Cr3  +  which  is 
equivalent  [7]  to  a  chromium-ion  concentration  of 
8.9  x  1019  cm-3.  The  value  for  the  €r3*  ion  con¬ 
centration  is  comparable  to  the  value' of  9.2  x  10' 9 
cm"3  in  emerald  samples  used  in  flashlamp- 
pumped  laser  experiments  [2].  The  sample  is  a 
rectangular  parallelepiped,  9mm  X  8mm  x  5.5mm 
in  dimension.  Induced  absorption  measurements 
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Fig.  1.  Time  evolution  of  the  optical  density  (a)  at  3.9  gm.  and 
(b)  at  2.16  |im  in  the  mecastable  (2E+2T, )  state  and  the  ZVL 
and  LLV  levels  of  the  4T;  state  of  emerald  at  room  tempera¬ 
ture.  The  radii  of  the  pump  and  the  probe  pulses  at  the  sample 
position  are  both  0.35  mm.  Both  the  pump  and  the  probe 
pulses  are  linearly  polarized  parallel  to  the  c*  axis  of  the 
crystal.  Insets  show  the  relevant  energy-level  diagrams  of 
emerald,  and  the  pump,  probe  and  relaxation  transitions.  The 
zero  time  is  accurate  within  5  ps.  Size  of  a  typical  error  bar  is 
shown.  The  solid  curve  in  (a)  is  a  computer  fit  to  the  experi¬ 
mental  data  using  the  rate  equations  and  relaxation  rates 
described  in  the  text. 


were  taken  along  the  5.5  mm  path  length  of  the 
sample. 

The  result  of  the  present  picosecond  excite- 
and-probe  absorption  measurements  in  emerald  at 
room  temperature  showing  the  time  evolution  of 
induced  absorption  at  a  probe  wavelength  of  3.9 
jim  is  displayed  in  fig.  1(a).  The  probe  wavelength 
of  3.9  |xm  was  chosen  carefully  so  that  transitions 
from  the  ZE  state  twshe  vibrational  levels  of  the 
T2  state  are  energetically  possible,  but  the  prob¬ 
ability  of  transition  from  any  HLV  level  of  the  4T2 
state  to  the  4T,  state  or  any  other  higher-lying 
state  is  vanishingly  small.  There  is  considerable 
ground  state  and  host  absorption  at  this  probe 
wavelength  which  is  accounted  for  using  the 
scheme  detailed  in  section  3.  The  positions  and 


widths  of  the  excited  energy  levels  involved  in  the 
probe-pulse  absorption  are  determined  from  the 
detailed  excited-state  absorption  (ESA)  spectra  of 
emerald  investigated  by  Fairbank.  Klauminzer  and 
Schawtow  [8].  This  accounts  for  the  fact  that  the 
ion  may  relax  in  the  excited  state,  and  so  the 
positions  and  widths  determined  from  the  ground 
state  absorption  spectrum  may  be  different  from 
those  determined  from  the  excited  state  absorp¬ 
tion  spectrum. 

The  terminal  levels  for  probe  transition  which 
originates  in  the  4T2-state  zero  or  lower-lying 
vibrational  levels  have  been  taken  to  be  the 
higher-lying  4T2-vibrational  levels.  The  probability 
for  such  multiphonon  transitions  within  the  vibra¬ 
tional  levels  of  the  same  electronic  state  is  ex¬ 
pected  to  be  low.  However,  the  4T2-state  (in  gen¬ 
eral.  the  excited  states  of  Cr3+  ion)  contains  per¬ 
turbative  admixtures  of  other  states  due  to 
crystal -field,  spin-orbit  and  vibronic  interactions. 
Because  of  this  mixing  of  wave  functions  the  strict 
selection  rules  are  relaxed  making  transitions  more 
probable.  In  emerald,  the  static  odd-parity  crystal 
field  T2ux0  and  Tlu  odd  vibrations  are  effective  in 
the  mixing  of  states.  The  role  of  these  two  interac¬ 
tions  has  been  elucidated  in  the  analysis  of  emerald 
excited  state  absorption  spectra  by  Fairbank  et  al. 
[8].  These  authors  also  calculated  the  contribution 
of  the  spin-orbit  interaction  to  the  2E-*2A2- 
transition  oscillator  strength  in  ruby,  found  it  to 
be  substantial,  and  predicted  similar  contributions 
in  emerald  as  well.  The  admixtures  between  par¬ 
ticipating  excited  states  in  our  study  due  to  the 
interaction  is  mentioned  above,  are  expected  to  be 
substantially  higher,  since,  the  energy  denomina¬ 
tors  which  appear  in  perturbation  calculations  are 
smaller  than  those  in  the  ESA  study  of  Fairbank 
et  al.  [8].  This  is  due  to  the  fact  that  in  our  study, 
the  participating  excited  states  are  within  energy 
separations  of  a  few  hundred  to  a  few  thousand 
wave  numbers  (cm~l).  whereas  ESA  transitions 
studied  by  Fairbank  et  al.  are  in  the  visible,  hence, 
the  energy  separations  are  more  than  ten  thousand 
wave  numbers.  Odd-parity  crystal  field  and  odd 
vibrations  relaxed  the  parity  selection  rule,  and 
the  spin-orbit  interaction  relaxed  the  spin  selec¬ 
tion  rule  enabling  transitions  between  excited 
states  involved  in  this  case.  In  any  reference  to  an 
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excited  state,  this  small  admixture  of  other  states 
will  be  implicit. 

The  AOD  versus  pump-probe  time  delay  curve 
is  characterized  by  a  25  +  5  ps  rise  time  (time  for 
the  OD  to  grow  from  10%  to  90%)  followed  by  a 
multicomponent  decay.  The  faster  component  has 
a  decay  time  (time  for  the  OD  to  fall  from  90%  to 
10%  of  the  peak  value  above  the  flat  region)  of 
65  +  10  ps,  whereas  the  longer  lifetime  component 
exhibits  no  appreciable  change  within  the  time 
scale  of  this  measurement. 

The  longer  lifetime  component  of  the  decay 
curve  indicates  that  a  “quasithermal  equilibrium" 
has  been  reached  between  the  2E  and  4T2  states. 
Further  depopulation  of  the  excited  state  is  ex¬ 
pected  to  be  predominantly  due  to  radiative  tran¬ 
sition.  Since,  the  room  temperature  fluorescence 
lifetime  of  emerald  is  -  65  ps,  no  appreciable 
change  in  the  population  is  expected  within  a  few 
hundred  picoseconds,  consistent  with  the  experi¬ 
mental  observation.  The  rise  time  and  the  decay 
time  for  the  faster  component  are  dictated  by  the 
intra-4T2-state  vibrational  relaxation  time,  the  4T2 
-*■  2E  electronic  relaxation  time,  and  the  2E  -*  4T2 
thermal  repopulation  rate. 

Supporting  evidence  for  our  assignment  of  the 
risetime  primarily  to  the  intra-4T2-state  vibra¬ 
tional  relaxation  has  been  obtained  by  extending 
the  measurement  to  a  probe  wavelength  of  2.16 
pm..  The  use  of  a  second  probe  wavelength  was 
guided  by  the  following  considerations.  First,  a 
2.16  pm  photon  is  energetic  enough  to  initiate  a 
transition  from  the  pumped  HLV  levels  of  the  4T2 
state  to  the  4T,  state,  which  was  not  energetically 
possible  for  a  3.9  pm  photon.  Second,  the 
Franck -Condon  factor  (FCF)  for  transition  be¬ 
tween  the  ZVL  of  the  2 E-state  and  HLV  levels  of 
the  4T2-state  attainable  by  this  probe  photon  is 
expected  to  be  vanishingly  small.  This  follows 
from  the  fact  that  the  Franck-iSfondon  factor, 
|(0  |  rt)  |2.  between  the  ZVL  of  one  state  and  the 
/tth  vibrational  level  of  the  other  state  has  its 
maximum  value  near  n  =  A2/2,  where  A  is  the 
horizontal  separation  (in  units  of  (A/A/<o),/2)  be¬ 
tween  the  potential  energy  curves  of  the  two  states, 
and  falls  off  rapidly  as  n  changes  from  that  value 
[14].  An  examination  of  the  energy  level  structure 
and  spectra  of  emerald  reveals  that  the  maxima  of 


the  excited  state  probe  absorption  will  be  expected 
at  around  3.9  pm.  and  that  the  absorption  will  he 
negligible  at  a  probe  wavelength  of  2.16  pm.  Simi¬ 
lar  considerations  apply  for  transitions  from  the 
ZVL  and  LLV  levels  of  the  4T2  state.  Also,  there 
is  no  significant  ground  stale  or  host  absorption  at 
2.16  pm.  All  these  factors  lead  to  the  expectation 
that  any  change  in  optical  density  at  this  probe 
wavelength  will  be  attributable  primarily  to  transi¬ 
tions  from  the  populated  HLV  levels  of  the  4T: 
state  to  the  levels  of  the  4Tf  state. 

The  room  temperature  time  evolution  of  in¬ 
duced  absorption  at  2.16  pm  is  shown  in  fig.  1(b). 
The  salient  features  of  the  curve  are  a  resolution 
limited  sharp  rise  time  followed  by  a  35  +  10  ps 
decay.  The  resolution  limited  rise  time  indicates 
the  increase  of  population  in  the  pumped  HLV 
levels  as  long  as  the  pump  pulse  is  on.  The  35+10 
ps  decay  time  reflects  the  vibrational  relaxation 
time  of  the  pumped  HLV  levels.  This  relaxation 
leads  to  the  growth  of  the  population  in  the  ZVL 
and  LLV  levels  of  the  4T2  state,  and  subsequently 
to  the  2E  state.  The  decay  time  of  35  +  10  ps 
agrees  with  the  25  +  6  ps  rise  time  of  OD  at  3.9 
pm,  and  lends  qualitative  support  to  the  assign¬ 
ment  of  rise  time  to  the  vibrational  relaxation  of 
pumped  HLV  levels. 


3.  Induced  absorption  model 

In  order  to  obtain  a  more  detailed  understand¬ 
ing  of  experimental  results,  as  well  as  to  extract 
key  nonradiative  relaxation  rates  we  introduce  a 
rate-equation  model  for  excited  state  transition 
dynamics.  A  simplified  energy  level  structure  for 
the  chromium  ion  in  emerald  is  used.  The  state 
that  is  optically  excited  is  the  4T2  stale  with  possi¬ 
ble  perturbative  admixtures  of  other  states  as 
mentioned  earlier.  The  metastable  storage  level, 
referred  to  as  the  2E  state,  consists  in  fact  of  the 
coupled  ‘E  and  2T,  states  [5].  The  time  evolution 
of  the  optical  absorption  from  the  excited  meta- 
stable  and  4T2  states  following  the  excitation  of 
some  HLV  levels  of  the  4T2  state  is  described  by 
the  excited  state  absorption  coefficient: 

«*(')  =  +  jV2 ( 0 CT2 ’ 


(2) 
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inhibition  rates,  for  3.9  fim  probe  absorption.  The  metastable 
level  is  the  coupled  ~E  and  :T,  state.  The  rates  and  populations 
are  explained  in  the  text. 

where  /V,  and  A2  are  instantaneous  population 
densities  (ions/cm-1)  and  o,  and  o2  are  cross  sec¬ 
tions  for  probe  absorption  in  the  metastable  state 
and  the  4T2  state,  respectively.  The  transitions  and 
transition  rates  are  shown  schematically  in  fig.  2. 
The  population  kinetics  of  the  4T2  and  the  "E 
states  are  governed  by  the  following  rate  equations 

-jf  ~  —kfl  +  pP(t).  (3) 

^y  =  k2lN,-kl2Nt-k,BN„  (4) 

and 

^7  =  kN  +  A,,,V,  -  kltN2  -  kmN2.  (5) 

where  N(r)  is  the  instantaneous  population  den¬ 
sity  in  the  4T2-state  HLV  levels  which  are  directly 
excited  by  the  pump  pulse,  P(t )  is  the  pump 
photon  flux  density  (photon$/cm3s),  k  is  the  in- 
tra-4T2  vibrational  relaxation  rate,  k2l  is  the  T2 
-*  2E  electronic  relaxation  rate,  kn  is  the  thermal 
refilling  rate  of  T2  from  E,  /c10  and  k2 0  are 
radiative  transition  rates  from  the  2E  and  4T2 
states,  respectively,  ft  =  1  —  exp(  -aL)  is  the  frac¬ 
tion  of  the  pump  photons  absorbed  by  the1  Tip 
volume  of  the  sample,  a  is  the  ground-state  ab¬ 
sorption  coefficient  for  pump  pulse,  and  L  is  the 
length  of  the  sample. 

Because  the  radiative  lifetimes  are  of  the  order 
of  milliseconds  to  microseconds,  the  radiative 
transition  rates  kl0  and  k20  are  extremely  small 
compared  to  nonradiative  rates,  and  may  be  ne¬ 


glected  in  the  kinetics  study  of  the  first  few' 
hundred  picoseconds.  The  rate  equations  were 
solved  numerically  using  the  fourth-order  Runge- 
Kutta  method  (15].  The  temporal  profile  of  the 
pump  pulse  was  taken  as  a  Gaussian  (16]  of  5  ps 
FWHM.  The  arbitrary  constants  in  the  solution  of 
the  differential  equations  were  determined  from 
the  condition  that  initially  populations  in  the  ex¬ 
cited  states  are  zero,  and  the  final  condition  that 
at  sufficiently  large  times  the  populations  in  the 
"E  and  4T2  states  obey  the  Boltzmann  distribution 
law: 

^  =  -jiexp(-A£/A:Br).  (6) 

where  g\  and  g2  are  the  degeneracies  of  the  meta¬ 
stable  and  4T2  states,  respectively.  is  the 
metastable  level  -*•  4T2-state  energy  gap  and  is 
the  Boltzmann  constant.  As  pointed  out  earlier  in 
this  work,  we  have  assumed  after  ref.  (5]  that  the 
2E  and  states  are  strongly  coupled  and  that 
they  form  the  metastable  storage  level.  Accord¬ 
ingly,  the  degeneracy  of  the  pump  state.  g2  is 
taken  to  be  12  and  that  of  the  metastable  level. 
to  be  (4  +  6)=  10.  The  energy  gap  between  the 
pump  band  and  the  storage  level  is  taken  to  be 
400  cm-1  (5]. 

Experimentally,  the  change  in  the  optical  ab¬ 
sorption  of  the  probe  pulse  between  the  pumped 
and  unpumped  conditions  of  the  sample  is  mea¬ 
sured  as  a  function  of  delay  time.  This  change  for 
delay  time  /d  is  given  by, 

AOD(rd)  =  ODp(/d)-ODu(rd), 

where  the  subscripts  p  and  u  stand  for  pumped 
and  unpumped  conditions  of  the  sample.  In  terms 
of  a  population  in  different  states, 

■iOD(ij)  =  [«,*,(;„)  +  o2tf2(/d)  +  °gNg(rd)]  L 

-  (7) 

where  Ng  is  the  instantaneous  chromium  ion  den¬ 
sity  in  the  ground  state,  <jg  is  the  ground  state 
absorption  cross  section  at  probe  wavelength  by  a 
chromium  ion.  and  N0  is  the  total  density  of  Cr3  + 
ions  in  the  sample.  Now. 

p(t)d,.  (8) 

J  —  oe 
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Substituting  (8)  in  (7)  gives: 

AOD(  )  =  0,  A',(  ij)  L  +  tr,/V,( 

-ogLfif  l  P[t)  dr.  (9) 

Equation  (9)  would  be  the  exact  expression  for 
AOD.  if  the  probe  pulse  were  a  delta  function. 
However,  the  duration  of  the  probe  pulse  is  com¬ 
parable  to  that  of  the  pump  pulse  and  is  of  the 
same  order  of  magnitude  as  the  relaxation  times 
under  consideration.  Hence,  the  expression  in  eq. 
(9)  has  to  be  replaced  by  a  corresponding  expres¬ 
sion  involving  the  convolution  of  the  probe  pulse 
with  the  system  response,  and  will  be  of  the  form: 

AOD (/d)  -  A{(td)  +  Mu)  +  *(/d),  (10) 

where 


in  fig.  1(a).  The  transition  rates  Ai:  and  A:i  are 
not  independently  variable,  but  are  related  by  the 
Boltzmann  condition: 

exp(“^)- 

The  values  of  the  parameters  obtained  from  the  fit 
are:  k  =  4.4  x  10,n  s~  \  k2l  =  5.1  x  10m  s  '.  AI: 
=  9.0  X  10q  s  \  and  o2/o ,  =  95.  It  was  observed 
that  the  fit  is  more  sensitive  to  the  sum  Ai:  +  A ,, 
than  to  ki:  and  k2i  independently.  The  individual 
rates  are  estimated  from  the  thermal  equilibrium 
Boltzmann  condition. 


4.  Discussion 
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and  /( / )  is  the  intensity  of  the  probe  pulse.  The 
background  absorption  due  to  the  host  alone,  is 
the  same  for  both  the  pumped  and  unpumped 
cases.  Since,  experimentally  the  change  in  optical 
absorption  is  obtained  from  the  ratio  of  trans¬ 
mitted  intensities  for  the  pumped  and  unpumped 
conditions  of  the  sample,  this  contribution  cancels 
out.  However,  this  will  be  true  only  if  .the  probe 
absorption  due  to  the  host  is  not  bleached  by  the 
pump  pulse.  Measurements  of  the  probe  transmis¬ 
sion  as  a  function  of  the  pump  pulse  intensity 
indicate  no  bleaching  at  the  intensity  levels  used 
in  this  experiment. 

A  fit  to  the  experimental  data  to  eqs.  (10)— (12) 
assuming  a  Gaussian  probe  pulse  (17]  of  estimated 
3.5  ±  0.5  ps  FWHM.  and  using  the  transition  rates 
A.  A:i.  and  k{2  as  well  as  the  ratio  o2/ox  as 
variable  parameters  is  displayed  by  the  solid  line 


The  present  picosecond  excite-and-probe  ab¬ 
sorption  measurement  together  with  the  model  fit 
yields  a  number  of  key  relaxation  times.  The 
vibrational  relaxation  rate  k  is  estimated  to  be 
4.4  X  1010  s~\  which  implies  a  vibrational  relaxa¬ 
tion  time  of  -  23  ps  for  the  transition  from  the 
pumped  HLV  levels  to  the  bottom  of  the  4T: 
adiabatic  potential  energy  parabola.  The  value  of 
5.1  x  1010  s"1  for  the  nonradiative  relaxation  rate 
k  .I  for  the  electronic  transition  between  the  4T: 
state  and  the  metastable  level  leads  to  a  relaxation 
time  of  ~  20  ps.  The  metastable  state  -*  4T,-state 
thermal  repopulation  rate  is  found  to  be  9.0  X  10Q 
s”1.  The  uncertainty  in  the  values  of  these  param¬ 
eters  may  stem  from  group  dispersion  effects, 
fluctuations  in  the  duration  of  the  pump  and  the 
probe  pulses,  and  the  sensitivity  of  the  fit  to  the 
experimental  data  with  respect  to  variations  in  the 
values  of  parameters  used.  We  estimate  an  overall 
uncertainty  of  20%  in  the  values  -of  relaxation 
times  quoted  above  from  those  factors.  The  intra- 
JT:  vibrational  relaxation  rate  in  emerald  turns 
out  to  be  comparable  to  the  4T2-*2E  electronic 
nonradiative  relaxation  rate.  This  is  unusual  but 
not  surprising,  since  a  larger  energy  degradation 
(-  4750  cm''1,  difference  in  energy  between  the 
HLV  levels  reached  by  the  pump  pulse  and  the 
ZVL)  is  involved  in  vibrational  relaxation  than  in 
electronic  relaxation  (400  cm-1)  for  the  527  nm 
excitation  of  the  4T:  band. 
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Tiie  ratio  of  o2/o]  obtained  from  the  fit  was 
used  with  the  experimentally  measured  value  of 
the  optical  density,  and  experimental  parameters 
such  as  pump  pulse  energy,  spot  sizes  of  the  pump 
and  probe  pulses,  and  chromium  ion  density  in 
the  sample  to  estimate  the  absorption  cross  sec¬ 
tion  at  3.9  urn  from  the  excited  states.  The  excited 
state  absorption  (ESA)  cross  section  at  3.9  |im 
from  the  2E  state  is  estimated  to  be  2  X  10“ 20  cm2, 
and  from  the  JT:  state  to  be  1.9  x  10  IR  cm2.  In 
view  of  the  size  of  the  error  bars  in  the  induced 
absorption  data  and  the  uncertainties  in  determin¬ 
ing  l lie  various  experimental  parameters  that  enter 
the  estimation  of  these  cross  sections,  we  assign  an 
uncertainty  of  a  factor  of  five  in  the  absolute 
values  for  ESA  cross  sections.  The  order  of  magni¬ 
tude  larger  ESA  cross  section  from  the  4T2  state  at 
3.9  ^im  compared  to  that  from  the  “E  state  is 
consistent  with  the  behavior  observed  in 
alexandrite  at  similar  wavelengths.  This  smaller 
value  of  the  ESA  cross  section  from  the  ~E  state 
may  be  attributed  to  the  fact  that  2E  -*  4T2  transi¬ 
tions  are  both  first-order  spin-  and  parity  forbi¬ 
dden.  The  absolute  magnitude  of  the  ESA  cross 
section  from  the  ~E  state  in  the  infrared  is,  how¬ 
ever.  comparable  to  that  in  the  visible  region  of 
the  electromagnetic  spectrum. 

The  nonradiative  relaxation  rates  for  intra-4T2 
vibrational  transitions,  4T2  -*  metastable  level 
electronic  transitions,  and  the  metastable  level  -> 
jT2  thermal  repopulation  rate  of  the  chromium  ion 
in  emerald  are  comparable  to  the  corresponding 
transition  rates  in  alexandrite  [12].  In  ruby  the 
relaxation  times  were  shorter  than  the  resolution 
limit  of  the  experiment,  which  led  to  an  upper 
limit  of  5  ps  for  the  4T2-state  nonradiative  lifetime 
[10].  The  intra-4T2-state  vibrational  relaxation  time 
of  the  chromium  ion  in  ruby  is  expected  to  be 
considerably  smaller  than  the  5  ps  upper  limit, 
which  includes  the  4T2  -►  2E  electronic  relaxation 
time  as  well.  The  vibrational  relaxation  time  of  17 
ps  in  alexandrite  is  smaller  than  the  23  ps  ob¬ 
tained  in  emerald.  These  values  suggest  a  relation¬ 
ship  between  the  intra-4T,  vibrational  relaxation 
rate  and  the  strength  of  the  crystal  field  surround¬ 
ing  the  chromium  ion.  The  crystal  field  parameters 
Dq  for  ruby,  alexandrite  and  emerald  are  1820 
cm  \  1680  cm" 1  and  1620  cm-1,  respectively.  So. 


the  intra-4T2  vibrational  relaxation  rate  appears  to 
decrease  as  the  crystal  field  strength  decreases. 
However,  to  establish  the  exact  nature  of  this 
dependence  a  theoretical  study  w’ith  more  experi¬ 
mental  data  for  chromium  ions  in  different  crystal 
fields  is  necessary. 

In  summary,  the  picosecond  excite-and-probe 
absorption  measurement,  together  with  the  simple 
model  for  induced  absorption,  provide  first  time- 
resolved  estimates  of  some  key  excited  state  non¬ 
radiative  relaxation  parameters.  A  detailed  theo¬ 
retical  model,  that  takes  into  consideration  the 
complex  nature  of  lasing-ion  excited  states  and  all 
relevant  interactions,  is  necessary  for  a  more 
quantitative  understanding  of  the  nonradiative 
transition  dynamics  between  excited  states  of 
vibronic  laser  crystals. 
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ABSTRACT 

Effective  gain  cross-section  in  tetravalcnt 
chromium-doped  forsterite  laser  crystal  was 
measured  over  the  1180-1330  nm  spectral  range. 
The  experiment  was  performed  using  two 
collinear  laser  beams  in  a  pump-and-probe 
arrangement.  The  peak  gain  cross  section  from 
this  measurement  is  estimated  to  be  1.9  x  IQ-19  cm2 
at  1215  nm  which  is  comparable  to  the  value  of  -2 
x  10~*9  cm2  predicted  by  fluorescence  linewidth 
and  lifetime  measurements.  These  results 
indicate  that  excited-state  absorption  is  not  a 
major  loss  mechanism  in  tetravalent  chromium- 
doped  forsterite. 

L  INTRODUCTION 

Chromium-doped  forsterite  (CrMgjSiCXj)  is  an 
important  tunable  solid-state  laser  system  for  the 
near  infrared  special  range.  It  operates  in  both 
pulsed  [l]-[3]  and  continuous- wave  [4*1  mode  of 
operation.  Its  output  can  be  tuned  ovet  the  1167- 
1345  nm  range  [5).  The  most  interesting  feature 
that  distinguishes  this  laser  system  from  other 
chromium-based  lasers  is  that  the  lasing  ion  is 
tetravalent  chromium  (Cr4+)  in  a  tetTahedrally 
coordinated  site  [2],{31,[6H8].  While  the 
spectroscopic  properties  of  chromium-doped 
forsterite  have  been  studied  in  some  detail  16J-[9J, 
the  evaluation  of  the  potentials  of  this  crystal 
for  application  as  a  practical  laser  system  are  far 
from  being  complete.  In  this  work,  we  present 
pump-and-probe  measurements  of  the  effective 
gain  cross-section  in  chromium-doped  forsterite. 
Results  of  these  measurements  show  the  effect  of 
the  excited-state  absorption  (ESA)  on  the 


performance  of  chromium-doped  forsterite  as  a 
laser  crystal. 

The  most  important  parameter  that 
characterizes  a  laser  system  is  the  gain  cross- 
section.  The  gain  cross  section  can  be  estimated 
using  the  Einstein  relation  which  gives  gain  as  a 
function  of  the  radiative  lifetime  and 
fluorescence  lineshape.  However,  very  often 
there  is  a  discrepancy  between  the  values 
predicted  by  this  relation  and  the  values 
observed  in  laser  experiments.  Lower  values  of 
the  gain  cross  section  measured  in  laser 
experiments  are  in  many  cases  explained  by  the 
existence  of  loss  mechanisms  such  as  excited-state 
absorption.  The  net  or  effective  gain  cross  section 
is  then  given  by 

aEFF  =  CTE'aESA  “°G  <*) 

where  op  is  the  gain  cross  section,  which  can  be 
calculated  using  the  Einstein  relation,  055^  is  the 
excited-state  absorption  cross  section,  and  Oq  is 
the  ground-state  absorption  cross  section  which  is 
negligible  in  most  cases. 

ESA  is  a  loss  mechanism  which  impedes  or, 
in  some  cases,  completely  inhibits  laser  action  in 
tunable  solid-state  laser  materials.  It  has  been 
shown  that  it  severely  affects  laser  performance 
of  V2+-doped  crystals  [10],[11],  prevents  laser 
action  in  Mn2+-doped  crystals  [12J,  and  limits  the 
slope  efficiency  of  Cr^rMggGajL^Fjj  laser  (13). 
It  is  also  present,  although  without  such  a 
detrimental  effect,  in  well  developed  tunable 
solid-state  lasers  such  as  alexandrite  [14]. 
Absence  of  ESA  is  one  of  the  most  important 
advantages  of  TkAljOj  laser  [15]. 

In  this  paper,  we  present  measurements  of  the 
effective  gain  cross-section  in  CriMgjSiC^  over 


the  part  of  its  tuning  range.  These  measurements 
were  undertaken  as  an  attempt  to  estimate  the 
effect  of  ESA  on  laser  performance  of  chromium- 
doped  forsterite  laser. 

II.  EXPERIMENTAL 

The  Cr:Mg2SiC>4  sample  used  in  this  study  is  a  38 
mm  long  and  4  mm  in  diameter  single-crystal 
laser  rod  with  end  facets  anti-reflection  coated 
for  the  1.1-1. 4  pm  spectral  range.  The  crystal  was 
grown  by  Czochralski  technique  at  the  Electronic 
Materials  Research  Laboratory  of  the  Mitsui 
Mining  and  Smelting  Co.,  Ltd.,  Japan.  The  total 
chromium  ion  concentration  in  the  crystal  is  3-4  x 
I018  cm'3.  The  crystal  contains  both  Cr5+  and  Cr4+ 
ions  with  the  relative  concentration  of  Cr*+  and 
Cr4+  ions  unknown.  The  Cr4+  concentration  was 
increased  by  growing  the  crystal  in  more 
oxidizing  atmosphere  (-1  %  oxygen  partial 
pressure).  The  ground-state  absorption  spectrum 
of  Cr:Mg2Si04  for  El  lb  axis  is  shown  in  Fig.  1. 
The  spectrum  shows  contributions  from  both  the 
active  ions,  Cr3+  and  Cr4+.  The  transition 
assignments  in  Fig.  1  were  made  (6],[91  using 
Tanabe-Sugano  diagrams  for  Cr3+  ions  in 
octahedral  coordination  and  Cr4+  in  tetrahedral 
coordination. 


Figure  1.  Room  temperature  absorption  spectrum  of 
Cr:Mg2Si04  for  E 1 1  b  axis. 

The  effective  gain  measurements  were 
performed  using  standard  pump-and-probe 
arrangement.  As  a  pump  source  the  fundamental 


1064-nm  radiation  from  a  pulsed  NdiYAC.  laser 
was  used  to  selectively  populate  only  the 

state  of  the  Cr4+  ion,  the  upper  lasing  level  of 
the  chromium-doped  forsterite  laser.  The  choice 
of  a  probe  beam  source  depends  on  the  wavelength 
range  that  is  being  investigated.  In  the 
wavelength  region  where  the  emission  is  too 
intense,  i.e.  in  the  tuning  range  of  the  laser 
crystal  under  investigation,  tungsten  or  xenon 
lamps  cannot  be  used,  since  the  fluorescence  from 
the  sample  overwhelms  the  probe  beam  [10L111). 
Therefore,  we  decided  to  use  laser  as  a  probe 
source.  A  tunable  Cnforsterite  laser  appeared  to 
be  an  ideal  probe  beam  source  for  this 
measurement. 

The  experimental  setup  used  to  measure  the 
effective  gain  cross-section  is  shown 
schematically  in  Fig.  2.  The  ^2  state  of  the  Cr4  + 
ion  was  populated  by  1064-nm  pump  beam 
obtained  from  a  Q-switched  Nd:YAG  laser 
operating  at  10  Hz  repetition  rate.  The  pump 
beam  was  weakly  focused  to  a  400-pm  radius  spot 
on  the  sample  by  a  1-m  focal  length  lens.  Typical 
pump  beam  energy  incident  on  the  sample  was  ~1 
mj  per  pulse,  of  which  79  %  was  absorbed  in  the 
sample.  The  excited  state  was  probed  by  a 
collincarly  propagating  probe  beam.  The  weak 
probe  beam  (typically  -25  j_lJ  per  puisc)  was 
obtained  from  a  tunable  Cnforsterite  laser 
pumped  by  the  same  Nd:YAG  laser  used  to  pump 
the  sample.  Wavelength  tuning  of  the  probe 
beam  was  accomplished  by  using  a  birefringent 
plate  at  Brewster’s  angle  as  an  intracavity 
dispersive  element  and  by  changing  the  output 
mirror  [5).  The  delay  between  the  pump  pulse  and 
the  probe  pulse  was  smaller  than  100  ns.  Since  the 
room  temperature  lifetime  of  the  ^2  state  in 
chromium-doped  forsterite  is  2.7  p.s,  no 
appreciable  depopulation  of  the  excited  state 
takes  place  before  the  arrival  of  the  probe  pulse. 
Probe  beam  was  focused  on  the  sample  by  30-cm 
focal  length  lens  to  a  150-^im  radius  spot.  The 
pump  and  probe  beams  were  carefully 
overlapped  in  the  sample  using  two  0.8-mm 
apertures  so  that  the  probe  beam  was  fully 
concentric  within  the  pump-beam.  The  overlap  of 
the  two  beams  was  checked  by  scanning  a  razor 
blade  mounted  on  a  translation  stage  across  the 
beam  in  both  vertical  and  horizontal  directions, 
before  and  behind  the  sample. 

The  effective  gain  cross  section  was  estimated 
from  the  ratio  of  the  transmitted  probe  intensity 
for  the  pumped  and  unpumped  conditions  of  the 
sample,  respectively.  The  transmitted  probe 
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Figure  2.  Experimental  setup  used  to  measure  the  effective  gain  cross-section  in  Chromium -doped  forsterite. 


intensity  was  normalized  with  respect  to  probe 
intensity  before  the  sample  to  account  for  the 
pul$e-to-pulse  energy  fluctuations.  The  probe 
beam  intensity  before  the  sample  was  monitored 
with  a  beam  splitter  and  a  fast  germanium 
photodiode  Dj.  The  transmitted  probe  beam  was 
analyzed  by  a  1 /4-meter  spectrometer  and  its 
intensity  was  monitored  by  an  identical 
germanium  photodiode  D2.  A  gated  boxcar 
integrator  was  used  to  obtain  the  average  ratio 
S2/S1,  where  S2  is  the  signal  proportional  to  the 
intensity  of  the  transmitted  probe  beam  measured 
by  a  germanium  detector  D2  at  the  end  of  the 
spectrometer,  and  Sj  is  proportional  to  the 
intensity  of  the  probe  beam  before  the  sample 
measured  by  a  germanium  detector  Dj.  The 
average  was  taken  over  100  laser  shots  to  enhance 
the  signal-to-noise  ratio. 

Excited-state  population  density  (NE  )  was 
estimated  by  measuring  the  pumped  volume  of 
the  sample  and  the  energy  of  the  pump  pulse 
absorbed  in  the  crystal,  assuming  *that  each 
absorbed  pump  photon  creates  one  excited  ion. 
The  pumped  volume  of  the  crystal  was  estimated 
by  measuring  the  size  of  the  pump  beam  at  the 
position  of  the  sample.  Since  the  pump  beam  was 
weakly  focused  with  a  long  focal-length  lens  and 
a  0.8  mm  aperture  was  used  in  front  of  the  sample, 
the  transverse  beam  intensity  distribution  was 
measured  to  be  approximately  uniform,  with  the 
beam  radius  of  0.4  mm  throughout  the  crystal. 


III.  RESULTS 

The  normalized  probe  transmission  S2/S1  was 
used  to  determine  the  value  of  the  effective  gain 
cross-section  in  chromium-doped  forsterite.  It  has 
been  shown  {18J,[191  that  the  effective  gain  cross 
section  (Jppp  can  be  calculated  using  the 
expression 

aEFF  =  aE  ‘  ctESA  '  =  '  (1/NgplnR,  (2) 

where  0E  is  the  gain  cross  section,  ctEsA  is  the 
excited-state  absorption  cross  section,  is  the 
ground  state  absorption  cross  section  at  probe 
wavelength,  Ngis  the  excited-state  population 

density  of  ,  l  is  the  length  of  the  crystal  and  R  is 
defined  by 

R  =  (S2/S1)u/(S2/S1)p.  (3) 

The  subscripts  u  and  p  refer  to  unpumped  and 
pumped  cases,  respectively. 

The  measured  effective  (net)  gain  cross  section 
as  a  function  of  wavelength  in  the  1180-1330  nm 
wavelength  region  is  presented  in  Fig.  3  by 
triangles  superimposed  on  the  fluorescence 
spectrum.  The  near-infrared  portion  the 
absorption  spectrum  is  also  displayed  for 
comparison. 
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Figure  3  The  Fluorescence  spectrum  for  1064-nm  excitation  ant  the  infrared  absorption  spectrum  of  chromium-doped 
forsterite  (solid  line)  and  the  effective  gain  cross-section  (triangles  and  broken  line).  Dot-dash  curve  shows  the 
expected  gain  in  case  there  is  no  ESA. 


IV.  DISCUSSION 

In  Cr-doped  forsterite  the  laser-active  ion  is 
tetrahedrally  coordinated  tetravalent 
chromium,  Cr4+  and  therefore  the  possible 
transitions  that  may  affect  laser  operation  occur 
between  different  states  of  the  Cr4+  ion. 


Figure  4  Tanabe-Sugano  diagram  for  Cr4+  in 
tetrahedral  coordination.  Crystal  field  parameter 
Dq=915  cm'4  and  Raccah  parametr  B=970  cm4.  The 
possible  ^2"^ ►^Tiexcited-state  absorption  is  indicated 
by  an  arrow. 


For  near-infrared  pumping  (e.g.  1064-nm 
radiation  from  Nd:YAG  laser)  only  the  3A2~>3T2 
transition  between  the  ground  state  and  the  first 
excited  state  of  the  Cr4+  ion  takes  place,  that  is 
only  Cr4+  ions  are  being  excited.  The  ESA 
transitions  are  then  expected  to  originate  from 
the  relaxed  3T2  state  of  the  Cr4+  ion. 

From  the  Tanabe-Sugano  diagram  for 
tetravalent  chromium  in  Cr:Mg2Si04,  shown  in 
Fig.  4,  it  is  possible  to  predict  the  wavelength  of 
the  peak  of  the  ESA.  Using  Dq=915  cm*1  and 
B=970  cm*1  a  maximum  of  ESA  due  to  3T2->3T1 
transition  may  be  expected  at  -1500  nm. 

It  has  been  suggested  [16],  [17|  that  the  same 
3T2~>3T|  transition  may  be  responsible  for 
limited  tuning  range  of  the  Cr:YAG  laser,  besides 
Cr:forsterite  the  only  other  successful  Cr4+-based 
laser  system,  to  date.  The  same  process  may  be 
the  reason  that  laser  experiments  in  Cr^-doped 
garnets  such  as  GSGG,  GSAG  and  YSGG  were 
unsuccessful  so  far. 

The  salient  features  of  the  gain  curve  obtained 
from  the  pump-and-probe  measurements  shown  in 
Fig.  3  are  the  peak  value  of  1.9  x  10*19  cm2  at  1215 
nm  and  the  shape  of  the  curve.  The  shift  of  the 
peak  of  the  gain  curve  with  respect  to  the  peak  of 
the  fluorescence  curve  in  Fig.  3  is  a  consequence  of 
the  overlap  of  the  fluorescence  band  with  the  low 
energy  tail  of  the  absorption  band.  The  shape  of 


V.  CONCLUSIONS 


the  gain  curve,  which  is  expected  to  follow  the 
fluorescence  curve,  deviates  slightly  from  it  in 
the  wavelength  range  beyond  1300  nm  as  shown 
by  dot-dash  curve.  The  higher  than  expected 
decrease  of  the  gain  in  this  range  most  likely 
arises  from  the  onset  of  the  ESA.  This  is  in 
agreement  with  the  predicted  wavelength  of 
ESA  approaching  1500  nm.  This  is  also  in 
accordance  with  the  suggested  ESA  in  Cr:YAG 
and  Cn  GSGG. 

The  results  of  the  pump-and-probe 
experiment  show  that  in  the  case  of  chromium- 
doped  forsterite  the  role  of  ESA  is  not  so 
prominent  in  the  bigger  portion  of  the  tuning 
range.  The  measured  values  of  the  net  gain  cross 
section  are  in  good  agreement  with  the  value  of 
~2  x  10'19  cm2  for  the  peak  gain  cross  section 
obtained  from  radiative  lifetime  and  fluorescence 
lineshape  measurements.  These  values  are  also 
in  excellent  agreement  with  the  gain  cross- 
sections  obtained  from  both  pulsed  and 
continuous- wave  laser  experiments.  The  gain  cross 
sections  estimated  from  different  measurements 
are  summarized  in  Table  1. 


The  effective  gain  cross-section  in  chromium- 
doped  forsterite  laser  crystal  has  been  measured 
over  the  1180-1330  nm  spectral  range.  The  close 
agreement  between  the  measured  effective  gain 
cross  section  and  the  peak  gain  cross-section 
predicted  using  radiative  lifetime  and 
fluorescence  linewidth  indicates  that  ESA  cross 
section  is  considerably  smaller  than  the  gain  cross 
section.  This  agreement  implies  that  ESA  is  not 
a  major  loss  mechanism  in  chromium-doped 
forsterite  for  wavelengths  shorter  than  1300  nm. 
There  is  a  possibility  of  the  onset  of  a  weak  ESA 
occuring  beyond  1300  nm. 
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Table  1:  ESTIMATES  OF  GAIN  CROSS  SECTION  FROM  DIFFERENT 
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Abstract 

The  slope  efficiency  of  the  continuous-wave  chromium-doped  forsterite 
(Cr:Mg2SiC>4)  laser  has  been  measured  using  four  different  output  mirrors.  The 
maximum  slope  efficiency  of  38%  was  achieved  using  11%  output  coupler.  The 
extrapolated  limiting  slope  efficiency  in  the  absence  of  passive  losses  is  estimated  to 
be  65%.  This  value  corresponds  to  an  intrinsic  quantum  efficiency  of  77%,  which  is 
similar  to  the  efficiencies  determined  for  mature  tunable  solid  state  laser  systems. 
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Chromium-doped  forsterite  (Cr:Mg2SiC>4)  is  an  important  tunable  solid  state 
laser  which  fills  the  void  in  the  spectral  region  between  1100  -  1350  nm.  Pulsed1'4 
and  continuous- wave5  laser  action  was  obtained  and  tun  ability  over  the  1130  -  1367 
nm  was  demonstrated.6'7  The  unique  property  of  chromium-doped  forsterite  is  that 
the  lasing  center  was  identified  as  tetravalent  chromium  (Cr4+)  substituting  for 
tetrahedrally  coordinated  Si4+.8'9  Tetrahedral  Si4+  site  occupied  by  Cr4+  ions  lacks 
inversion  symmetry  and  provides  odd-parity  field  necessary  to  relax  the  parity 
selection  rule,  making  electric  dipole  transitions  possible.  This  results  in  high 
transition  strengths  observed  in  the  absorption  spectra  where  Cr4+  features  are 
dominant,  and  in  relatively  short  radiative  lifetime  rR  of  25  |is,  as  well  as  in  high 
stimulated  emission  cross  section  of  the  order  of  2  x  10-19  cm2.8'10  Room- 
temperature  quantum  yield  Tj  was  estimated  from  the  ratio  between  the  room- 
temperature  fluorescence  lifetime  land  the  radiative  lifetime  On  =  x/tR)  to  be  -10%. 
The  highest  slope  efficiency  of  the  Cr:forsterite  laser  previously  reported8  was  23%. 
When  the  inverse  slope  efficiency  is  plotted  as  a  function  of  the  inverse  output 
coupling  factor,  (when  different  output  mirrors  are  used),  the  limiting  slope 
efficiency  q0,  which  can  be  achieved  in  the  absence  of  passive  losses,  can  be 
determined.  In  this  paper,  we  follow  the  approach  of  Caird  et  al.11  to  determine  the 
limiting  slope  efficiency  and  estimate  the  role  of  various  loss  mechanisms  on  laser 
performance  of  the  Cr:  forsterite  laser. 

The  equation  for  the  output  power  slope  efficiency 

Tls  =  (WW/L+T)  (1) 

which  gives  the  slope  efficiency  as  a  function  of  the  output  coupling  parameter  T 
and  loss  L,  was  originally  derived  by  Danielmeyer,12  and  later  modified  by  Caird  et 


al.H  to  make  allowance  for  a  possibility  of  nonunity  pumping  efficiency  and  to 
include  a  loss  factor  due  to  excited-state  absorption  (ESA). 

The  inverse  output  power  slope  efficiency  1  /ri  s  and  the  inverse  of  the 
limiting  slope  efficiency  1/t]0  are  connected  by  a  linear  relationship:^! 

Tls'1  =t|0'1(l+LT"l)/  (2) 


where 

T)0  =  TlpKXp/XOCOgpp/  CJE).  (3) 

In  equations  (2)  and  (3)  t|p  is  the  pumping  efficiency,  Xp  is  the  pump  wavelength,  Xi 
is  the  lasing  wavelength,  aE  is  the  gain  cross  section,  and  aEFF  is  given  by 

aEFF  “  aE  ■  aESA  (4) 

where  aESA  is  the  excited  state  absorption  cross  section. 

It  is  obvious  from  the  equation  (3)  that  in  order  to  achieve  the  quantum 
defect  limited  value  of  the  slope  efficiency  Xp/X l  the  excited  state  absorption  cross 
section  aESA  must  be  negligible  and  the  pumping  efficiency  must  be  close  to  unity. 

The  value  of  the  limiting  slope  efficiency  q0  can  be  obtained  by  extrapolating 
the  inverse  slope  efficiency  tv1  as  a  function  of  the  inverse  output  coupling  T_1  to  T'1 
=  0.  T|0  can  be  used  to  estimate  the  excited  state  absorption  cross  section,  i.e.  the 
deviation  of  the  effective  gain  cross  section  from  the  stimulated  emission  cross 
section  predicted  by  the  lineshape  and  the  lifetime  measurements. 

The  sample  used  in  these  laser  experiments  is  a  4.5  mm  x  9  mm  x  9  mm 
rectangular  parallelepiped  with  the  three  mutually  orthogonal  axes  oriented  along 
the  b,  c,  and  a  crystallographic  axes  of  the  crystal.  The  a  axis  is  parallel  to  the  4.5  mm 


side  of  the  crystal  and  perpendicular  to  the  9  mm  x  9  mm  face.  The  crystal  contains 
0.04  at.  %  of  Cr  ions,  which  is  equivalent  to  a  total  chromium  ion  concentration  of 
1.1  x  1019  ions/cm3.  The  relative  concentrations  of  Cr3+  and  Cr4+  ions  is  not  known. 

The  limiting  slope  efficiency  of  the  Cr:Mg2Si04  laser  was  measured  using  a 
standard  3-mirror  astigmatically  compensated  cavity. * 3  The  three-mirror  cavity  was 
chosen  not  because  the  Brewster-cut  crystal  was  used,  but  rather  because  of  its 
flexibility  and  usefulness  for  other  applications,  such  as  mode  locked  operation, 
when  a  possibility  of  changing  the  length  has  to  be  combined  with  small  mode  size 
and  when  tighter  focusing  is  needed.  The  experimental  setup  is  shown  in  Fig.  1.  The 
5-cm-radius  back  mirror  and  the  10-cm-radius  folding  mirror  have  99.99% 
reflectivity  over  the  1200  -  1300  nm  range  and  high  transmission  (>80%)  for  the 
pump  1064-nm  radiation.  Output  coupling  factor  T  was  varied  by  changing  the  flat 
output  mirror.  Four  different  output  couplers  with  transmission  of  0.65%,  3.4%,  7.8 
%,  and  11  %  over  the  1200  -  1300  nm  spectral  range  and  transmission  >85%  for  1064- 
nm  radiation  were  used.  Since  transmission  is  high  for  pump  radiation  wavelength 
of  1064  nm  for  all  three  mirrors  of  the  cavity,  no  corrections  were  made  to  account 
for  the  second  pass  absorption  of  the  portion  of  the  pump  beam  that  is  reflected  back 
from  the  output  coupler. 

The  chromium-doped  forsterite  crystal  was  placed  at  the  center  of  the  short 
arm  of  the  three-mirror  cavity  and  was  pumped  longitudinally  with  1064-nm 
radiation  from  a  cw  Nd:YAG  laser.  The  pump  beam  was  linearly  polarized  along  the 
b  axis  and  propagated  along  the  a  axis  of  the  crystal.  The  position  of  the  7.5-cm- 
focal-length  lens  was  adjusted  for  the  best  overlap  of  the  pump  bc,  m  and  the  cavity 
mode  by  monitoring  the  output  power.  The  pump  beam  was  chopped  at  a  duty  cycle 
of  15:1  to  reduce  thermal  effects. 


The  experimental  results  are  summarized  in  Table  1.  The  inverse  slope 
efficiency  as  a  function  of  output  coupling  is  shown  in  Fig.  2.  The  inverse  slope 
efficiency  extrapolates  to  a  limiting  power  slope  efficiency  of  r\0  =  -65  %.  If  this  value 
is  multiplied  by  the  ratio  of  the  laser  and  pump  wavelengths  ( Xi/Xp ),  an 
exstrapolated  quantum  slope  efficiency  or  intrinsic  quantum  efficiency  r|q,  as  defined 
by  Chase  et  al.14,  of  77%  is  obtained.  Although  considerably  smaller  than  unity,  this 
is  still  one  of  the  highest  values  ever  measured  for  a  tunable  solid-state  laser.1 

The  slope  of  the  line  in  Fig.  2  represents  the  passive  loss  of  -10%  which  is  due 
to  a  combination  of  effects  such  as  reflection  loss,  less  than  perfectly  parallel  faces  of 
the  crystal,  incomplete  overlap  of  the  pumped  volume  and  cavity  mode  volume,  as 
well  as  residual  absorption  and  scattering  loss.  Parallelism  of  the  sample  is  not 
known.  The  absorption  and  scattering  loss  is  estimated  from  the  transmission 
spectrum  of  the  crystal  corrected  for  Fresnel  loss  to  be  <0.5%  for  the  4.5-cm  path 
length  and  therefore  does  not  play  a  major  role. 

The  deviation  of  the  measured  intrinsic  quantum  efficiency  from  unity  can 
be  explained  either  by  the  presence  of  the  ESA  or  by  pumping  efficiency  rjP  <  1. 

To  estimate  the  role  of  ESA,  the  effective  gain  (aEFF  )  was  measured  using 
standard  pump-and-probe  arrangement.  The  details  of  the  experiment  will  be 
published  elsewhere.10  The  measured  effective  (net)  gain  cross  section  as  a  function 
of  wavelength  in  the  1180-1330  nm  wavelength  region  is  presented  in  Fig.  3  by 
triangles  superimposed  on  the  fluorescence  spectrum.  The  near-infrared  portion  of 
the  absorption  spectrum  is  also  displayed  for  comparison. 

The  salient  features  of  the  gain  curve  obtained  from  the  pump-and-probe 
measurements  shown  in  Fig.  3  are  the  peak  value  of  1.9  x  10*19  cm2  at  1215  nm  and 


the  shape  of  the  curve.  The  shift  of  the  peak  of  the  gain  curve  with  respect  to  the 
peak  of  the  fluorescence  curve  in  Fig.  3  is  a  consequence  of  the  overlap  of  the 
fluorescence  band  with  the  low  energy  tail  of  the  absorption  band.  The  shape  of  the 
gain  curve,  which  is  expected  to  follow  the  fluorescence  curve  deviates  slightly 
from  it  in  the  wavelength  range  beyond  1300  nm  as  shown  by  a  dot-dash  curve.  The 
higher  than  expected  decrease  of  the  gain  in  this  range  most  likely  arises  from  the 
onset  of  the  ESA.  This  is  in  agreement  with  the  predicted  wavelength  of  ESA 
approaching  1700  nmT° 

The  results  of  the  pump-and-probe  experiment  show  that  in  the  case  of 
chromium-doped  forsterite  the  role  of  ESA  is  not  so  prominent  in  the  larger  portion 
of  the  timing  range.  The  measured  values  of  the  net  gain  cross  section  are  in  good 
agreement  with  the  value  of  ~2.11  x  10" 19  cm 2  for  the  peak  gain  cross  section 
calculated  using  results  of  the  lineshape  and  radiative  lifetime  measurements.10 
These  values  are  also  in  excellent  agreement  with  the  gain  cross-sections  obtained 
from  both  pulsed  and  continuous-wave  laser  experiments.5'8  The  gain  cross  sections 
estimated  from  different  measurements  are  summarized  in  Table  2. 

Since  the  measurements  of  the  effective  gain  did  not  show  presence  of 
significant  excited  state  absorption,  the  only  remaining  possibility  is  T]p<l.  One 
possible  loss  mechanism  that  may  give  rise  to  smaller- than-unity  pumping 
efficiency  is  excited  state  absorption  of  the  pump  radiation,  as  suggested  by  Verdun 
et  al.15  The  possibility  of  a  process  involving  absorption  or  inelastic  scattering  from 
the  excited  state  is  also  confirmed  by  the  presence  of  a  faint  visible  radiation  which 
was  observed  when  the  forsterite  is  pumped  by  a  continuous-wave  1064-nm 
radiation. 


In  conclusion,  the  limiting  slope  efficiency  and  the  intrinsic  quantum  efficiency 
of  the  chromium-doped  forsterite  laser  has  been  measured.  The  measured  intrinsic 
quantum  efficiency  is  one  of  the  highest  ever  reported  for  a  tunable  solid-state  laser. 
To  account  for  the  discrepancy  between  the  quantum  defect  limited  efficiency  and 
the  measured  limited  slope  efficiency  (i.  e.  the  deviation  of  the  measured  intrinsic 
quantum  efficiency  from  unity),  effect  of  ESA  was  investigated  by  measuring  the 
effective  gain  cross  section  using  pump-and-probe  technique.  The  effective  gain 
cross-section  in  chromium-doped  forsterite  laser  crystal  has  been  measured  over  the 
1180-1330  nm  spectral  range.  The  close  agreement  between  the  measured  effective 
gain  cross  section  and  the  peak  gain  cross-section  predicted  using  radiative  lifetime 
and  fluorescence  linewidth  indicates  that  ESA  cross  section  is  considerably  smaller 
than  the  gain  cross  section.  This  agreement  implies  that  ESA  is  not  a  major  loss 
mechanism  in  chromium-doped  forsterite  for  wavelengths  shorter  than  1300  nm. 
There  is  a  possibility  of  the  onset  of  a  weak  ESA  occuring  beyond  1300  nm.  As  a 
possible  loss  mechanism  that  may  be  responsible  for  the  observed  discrepancy  an 
excited  state  absorption  in  the  pump  wavelength  region  is  suggested. 

This  work  is  supported  in  part  by  Army  Research  Office  and  National  Science 


Foundation. 
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Figure  Captions: 


Figure  1  Schematic  diagram  of  the  experimental  arrangement  for  measuring  the 
limiting  slope  efficiency  of  Crrforsterite  laser:  C,  light  chopper;  F^,  variable  neutral 
density  filter;  L,  focusing  lens;  5-cm  radius  back  mirror;  M2,  10-cm  radius  folding 
mirror;  M0/  output  mirror;  S,  sample;  T,  birefingent  tuning  plate;  F2,  1064-nm  cutoff 

filter,  Cr:forsterite  laser  emission-transmitting  filter;  PM,  power  meter. 

Figure  2  Inverse  slope  efficiency  l/r|sas  a  function  of  inverse  output  coupling  1/T 
for  cw  NdrYAGrpumped  continuous-wave  Cr:Mg2SiC>4iaser.  10%  uncertainty  in  the 
measured  slope  efficiencies  was  assumed.  Extrapolating  the  data  limiting  slope 
efficiency  of  t\q  >65  %  is  obtained. 

Figure  3  The  Fluorescence  spectrum  for  1064-nm  excitation  and  the  infrared 
absorption  spectrum  of  chromium-doped  forsterite  (solid  line)  and  the  effective 
gain  cross-section  (triangles  and  broken  line).  Dot-dash  curve  shows  the  expected 
gain  in  case  there  is  no  ESA. 


TABLE  1:  Slope  Efficiency  and  Threshold  of  cw  Cr:Mg2Si04 
Laser  for  Various  Output  Couplers 


Output  Mirror 

Transmission 

[%] 

Slope 

Efficiency 

[%] 

Threshold 

Absorbed  Power 

[mW] 

Output 

Wavelength 

[nm] 

0.65 

5.69 

500 

1260 

3.4 

24.65 

1200 

1258 

7.8 

31.76 

1600 

1265 

11 


37.85 


1800 


1242 


TABLE  2:  Estimates  of  Gain  Cross  Section  From  Different  Measurements 


Experiment 

X  (nm) 

a  (cm.2) 

Reference 

Linewidth  and 

Lifetime  Measurements 

1140 

2.11  x  lO'19 
(calculated) 

10 

CW  Laser  Operation 

1244 

1.47x1  O'19 

8 

Pulsed  Laser  Operation 

1235 

1.44  xlO-19 

8 

Pump-and-probe 

Experiment 

1200 

1.8  xlO-19 

10 

WAVELENGTH  (nm) 


ABSORPTION  AND 
FLUORESCENCE  (clu.) 


EFFECTIVE  GAIN 
CROSS-  SECTION  (IO''W) 
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S10  |  A  Third  Order  Contribution  to  Spin -Forbidden 

Rare  Earth  Optical  Transition  Intensities.  M .  C.  DOWN ER'  ir.d 
G.  W.  BURDICK,  University  of  Texas  aL  Austin:  •  D.  K. 
SARDAR.  University  of  Texas  at  San  Antonio.-  W'e  show  by 
quantitative  calculation  that  numerous  spin-forbidden  linear  optical 
transitions  in  trivalent  rare  earth  ions  acquire  a  major  fraction  of 
their  intensity  from  hitherto  neglected  contributions  involving 
spin-orbit  linkages  in  excited  configurations.  The  strong  effect  of 
analogous  linkages  has  been  demonstrated  in  two-photon 
absorption1*2.  We  present  a  revised  analysis  of  observed  linear 
absorption  intensities  for  Eu3*  and  Gd3L  which  shows  that  the  new 
contribution  is  often  comparable  to,  and  sometimes  larger  than, 
standard  contributions.  We  thereby  demonstrate  an  improved  fit  to 
observed  intensities.  In  addition  previously  fitted 
phenomenological  parameters3  must  be  modified  substantia";/, 
suggesting  that  re-analvsis  of  linear  intensity  data  forali  on  valent 
rare  earths  is  warranted. 

-  Partially  supported  by  an  IBM  Faculty  Development  Award 
*  Supported  by  the  Robert  A.  Welch  Foundation 

1.  B.  R.  Judd  and  D.  R.  Pooler.  J.  Phys.  C  li  591  (1982V 

2.  M.  C.  Downer  and  A.  Bivas,  Phys.  Rev.  B  2$,  3677  (  P3 '  • 

3.  W.  T.  Carnall.  P.  R.  Fields,  and  K.  Rajnak,  J.  Chem  Fh\s. 
4Q,  4412(1968). 
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S102  Laser- Induced  Gratings  in  Eu3f-D~Fed 
Glasses.  E.G.  BEHRENS  and  R.C.  POWELL, 
Oklahoma  State  L?niy^* — Holographic  gratings 
were  produced  in  Eu3*-doped  phosphate  md 
silicate  glasses  using  crossed  laser  beams 
tuned  to  resonance  with  the  absorption  transi 
tion  to  the  5D 2  level  of  the  Eu3f  ion.  These 

are  3tablo  at  room  temperature  and  aro  as¬ 
sociated  with  local  structural  changes  in  the 
glass  due  to  radiationless  relaxation  of  the 
Eu3*  Ions.  The  use  of  these  gratings  In  de¬ 
multiplexing  mul t if requen cy  laser  beams  is 
demonstrated.  The  scattering  efficiencies  for 
different  glass  compositions  and  Eu  concentra¬ 
tions  are  reported.  The  scattering  efficiency 
of  the  grating  is  shown  to  decrease  as  the 
size  of  the  network  modifier  ions  is  in¬ 
creased.  Measurements  of  the  Bragg  scattering 
angle  for  different  wavelengths  show  that  the 
wavelength  of  the  induced  refractive  index 
gratings  is  twice  the  wavelength  of  the  light 
intensity  pattern  used  to  write  the  gratings. 
•Supported  by  the  U.5.  Army  Research  Office 
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S 10  3  Spectroscopic  Properties  of  Cr3*r 

.Mq^SiOa:  A  New  Tunable  Solid-State  Laser  C:.s- 
tal.  S.  K.  GAYEH,  V.  PETRlgEVlC,  R.  R.  AL T'-'.-j  , 

;  City  College  of  New  York;*  KIYOSHI  YAMACIS-U. 
KAZUO  MORIYA,  Mitsui  Mining  and  Smeltir.o  '2 
Ltd.  —  Recently,  we  have  observed  near  inu¬ 
red  room-temperature  vibronic  laser  action  :n 
Cr3+ :Mg2Si04 .  Characteristics  of  the  absorpt¬ 
ion  and  fluorescence’ spectra,  fluorescence  li¬ 
fetime,  energy-level  structure,  and  other  srec- 
troscopic  properties  relevant  to  laser  action 
in  this  system  are  reported.  The  absorption 
spectrum  is  characterized  by  broadband  transi¬ 
tions  from  the  4A2  state  to  the  4T2  and  4t; 
states  of  the  Cr3+  ion.  The  low-temperature 
fluorescence  spectrum  exhibits  broadband  U; 
to  4A2  emission,  as  well  as  2e-* 4A2  zero-cbon- 
on  line  accompanied  by  its  vibrational  sideca- 
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lifetime  13  i  5  5  .  Ar.  e-ercy-  levs  I  dicier. in  zz 

the  system  is  jen 3  trvscted  . 

•Supported  by  NASA,  APO  S  Hamamatsu  Photonics  KK. 
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Sf0  •*■  Pecr-Ter'cerature  Pulsed  Laser  Action  in 
V.  PgTF.rCE'/lC  ,5  ■  K.  GAY£N~~P..  R. 
ALFANO,  City  College  of  New  York;*  KIYOSHI  YAMA- 
GISHI,  KAZL'O  MCRIYA,  Mitsui  Mining  and  Smelting 
Co.  Ltd.--  Room- tempera  fare  near  infrared  vibr- 
onic  pulsed  laser  action  in  trivalent  chromium 
activated  forsterite  (Cr :Mg2SiC>4 )  is  reported. 
The  stable  laser  resonator  is  formed  by  two  30- 
cm-radius  mirrors  placed  20  cm  ‘apart.  The  mir¬ 
rors  have  high  transmission  at  the  pump  wavele¬ 
ngth  of  532  nm,  and  hiah  ref lectivity over  the 
lasinq  spectral  reoion.  The  single  crystal  of 
Cr 3+ tMg^ S1O4  placed  at  the  center  of  the  cavity 
is  long 1 tudina 1 ly  pumped  by  the  second  harmonic 
of  a  Q-switched  Nd:YAG  laser  operating  at  a  10- 
Hz  repetition  rate.  Emission  cross  section, 
spectral  range,  slope  efficiency,  and  other  re¬ 
levant  laser  parameters  will  be  presented. 

•  Supported  by  NASA,  ARO  and  Hamamatsu  Photo¬ 
nics  KK.. 


15:18 

S10  5  P  ho t o lum i nescen ce . S  tud 1 es  of  thg  A I  kail de 
Na*C222Na-  Probed  w  1  t~h  ~a  ~Plco3e~cond  Laser.*  R.S. 
BANNWART,  m““5TbACKErT?7n.‘  TIENTEGaT  J.L.  OYE,  and  S.A. 
SOLIN.  .Michigan  State  U.--Alkalldes  are  novel  compounds 
containing  alkali  metal  anions.  The  counterion  In  these 
compounds  is  an  alkali  metal  cation  complexed  by  an 
organic  cage  molecule,  such  as  oryptand  C222.  Time- 
correlated  single  photon  counting  measurements  have  been 
made  in  the  temperature  range  2K  to  80K  In  order  to  study 
the  photoiumlnescence  and  photoluminescence  lifetimes  of 
the  electronic  states.  The  light  source  used  was  a 
Nd: YAG-R6G  mode-locked  cavity-dumped  synchronously  pumped 
dye  laser  with  a  pulse  width  of  6  psec.  An  emission  at 
670  nm ,  presumably  due  to  the  band  gap,  was  found  which 
has  a  lifetime  of  4.5  ±  0.2  n3.  A  near  edge  state  with  a 
lifetime  of  1.5  t  0.2  ns  was  also  found.  The  dependence 
of  the  photoiumlnescence  on  excitation  Intensity  has  been 
studied,  and  evidence  for  Intensity  dependent 
Irreversible  decomposition  at  4.2  k  has  been  found.  This 
work  has  been  extended  to  additional  alkalldes. 

•  Supported  by  the  NSF  under  grant  DMR  84-03494  and  by 
the  MSU  Center  for  Fundamental  Materials  Research. 


7.  li.  Following  subsequent  ''eat  tre-j'.~9rts , 
absorption  measurements  nave  been  used  to  identify  tne 
stretching  frequencies  associated  with  OH"  and  OT" 
ions.  0Q~  ions  were  added  to  the  crystals  ay  a 
further  heat  treatment  in  DjO  vapor. 


‘Research  sponsored  by  DARPA  under  Interagency  Agree¬ 
ment  40-1511-85  with  Martin  Marietta  Energy  Systems. 
Inc.,  contract  CE-AC0S-840R2U00  with  'JSD0E. 
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SI0  8  Diffusion  of  Deuterons  in  LiTaO?  Crystals.* 

R.  HANTEHZADEH,  L.E.  HALLIBURTON,  Oklahoma  State 
University,  C. Y.  CHEN,  North  Carolina  State  University, 
R.  GONZALEZ  and  Y.  CHEN,  Oak  Ridne  National  Laboratory. 
--  Diffusion  coefficients  of  deuterons  in  LiFaOj  single 
crystals  have  been  measured  by  monitoring  the  growth  of 
00"  infrared  absorption  bands  in  samples  heated  in  9:0 
vapor.  Electric-field  enhanced  diffusion  of  deuterons 
was  also  demonstrated.  Electron-nuclear-double- 
resonance  experiments  on  the  deuterated  crystals  have 
shown  that  the  structure  previously  reported  in  the 
electron  paramagnetic  resonance  spectrum  of  a  radiaticn- 
induced  trapped-hope  center  in  LiTa03  is  not  due  to  a 
hyperfine  interaction  with  protons. 


‘Supported  by  contract  AF0SR -35-0270,  and  by  DARPA  under 
Interagency  agreement  40-1611-85  with  Martin  Marietta 
Energy  Systems,  Inc.,  contract  DE-AC05-84QR21400  with 
USD0E. 
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S109  First  Principles  Determination  of  the  Electronic 
Structure  of  Aluminum  Impurities  in  Villemite. 

K.c.  HISHRA,  B.G .  DEBOER,  J.K.  BERKOUITZ,  E. A.  DALE, 

GTE  Electrical  Products;  K.  H.  JOHNSON,  HIT.—  Electronic 
wave funct ions  and  energies  associated  ~vlth  Al  ions  In 
villemite  have  been  obtained  using  the  SCF-HS-Xa 
molecular  orbital  procedure.  A  novel  procedure  is 
proposed  to  obtain  the  excited  state  configuration  of  the 
Impurity  ions  from  the  variation  of  the  lntecsphere 
charges  associated  with  the  states  of  the  transition. 
The  physical  significance  of  the  procedure  will  be 
discussed.  Using  this  approach,  the  absorption  and 
emission  peaks  are  predicted  to  be  235  nm  and  *15  nm, 
respectively,  in  very  good  agreement  with  the 
experimental  values  of  235  nm  and  412  na1. 
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S10  6  Energy  Level  Diagram  for  Hn2*  Ions  in  Villemite. 

hishSa;“1*.  -RNtoUm,  fl.fi.' 0B6»,  E.a.  Galt; 

GTE  Electrical  Products!  end  K.8.  JOHNSON,  HIT.—  The 
electronic  energy  levels  associated  with  aanganese 
impurity  in  villemite  have  been  obtained  using  the  SCF- 
HS-X*  cluster  procedure.  The  calculations  have  been 
performed  assuming  substitutional  sites  for  Hn  in  zinc 
orthoslllcate  crystals.  Different  oxidation  states  have 
been  considered.  Using  the  molecular  orbital  energies, 
en  energy  level  diagram  is  prestnted  for  Mn2*  and  is 
compared  with  experiment.  Optical  absorption  peaks 
obtained  on  the  basis  of  the  calculated  molecular  orbital 
energies  cot.;  re  very  well  with  experiment  for  divalent 
aanganese  ion*. 
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SIO 7  Transmutation  Induced  Tritium  In  UNbO^ 
Single  Crystals.*  R.  GONZALEZ,  University  of  Madrid. 
V.  CHEN  and  M.  N.  ABRAHAM,  Oak  Ridge  National  Labora¬ 
tory.—  Irradiation  of  LINbO 3  single  crystals  with 
thermal  neutrons  has  produced  tritium  Ions  by  trans¬ 
mutation  of  *11  atoms  via  the  nuclear  reaction 


i  H.  Hess,  A.  Heim  and  H.  Scala,  J.  Electrochem.  Soc., 
130,  2443  (1983). 
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SIM  Ace  There  Any  Trends  in  the  Magnetic  Behavior  of 
Pe rmanent  Magnets?  G.C.  HADJIPANAYIS  and  W.  GONG,  Kansas 
State  University — The  hard  magnetic  properties  of  several 
permanent  magnet  materials  have  been  investigated  to 
determine  any  trends  in  their  magnetic  characteristics. 
The  materials  studied  were  NdjjFe-,8,,  SmCo,, 

(Co,fe,cu,zr). , ,  ferrites  and  Au-Co  magnets.  The 
magnetic  properties  measured  include  initial  magnetiza¬ 
tion  curves,  hysteresis  loops,  field  and  temperature 
dependence  of  coercivlty,  remanence  curves  and  magnetic 
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3.  V.  Petricevic,  S.  K.  Gayen,  and  R.  R.  Alfano,  "Lasing  and  Spectroscopic 
properties  of  Chromium-Activated  Forsterite",  Bull.  Am.  Phys.  Soc.  33,  1626 
(1988).  Invited  paper  presented  at  the  Fourth  International  Laser  Science 
Conference  (ILS-IV),  October  2-6,  1988,  Atlanta,  Georgia. 
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laser  poLar i rscion  vvs  ierecred  Aslr-g  a  polar '!•* 
laser  by  rotation  *£  the  dye  laser  poLar Izatlon  relative 
Co  che  excinaer  laser  polarisation.  Observing 
rocatlonally  resolved  fluorescence  excitation  speccrg 
allowed  determination  of  the  alignment  of  MS  In  the  ^y/2 
electronic  ground  state  for  rotational  states  J  -  l.S  - 
6.5  ms  l  rz  both  the  rO,^  and  che  R^  absorption  branches. 
The  ‘-ranch  •-•/'re  <'~«nr-'nfd 

11:30 

MD  7  Laser  Double -Resonance _ Me asur events  of 

HF  (J-nr Rotational  Relaxation  witTTKare  Oases, 
fr  andU?>  CRAIG  A.  TAATJES  ancTSTEHO  R.  IHONE, 

Lin  1  Vers i tv  of  Colorado  and  Joint  Institute  for 
laboratory  Astrophysics  -'-  The  re taxation  rate s 
oF l(F  (J=13)  with  r3re  gases  (He,  Ne,  Ar,  Kr,  Xe) , 

H2,  and  D2  have  been  measured  by  use  of  a  t**j- 
laser  double -resonance  technique.  The  rates  of 
relaxation  by  rare  gas  collision  partners  fall 
sharply  through  the  series  He-Ne-Ar,  then  rise 
again  through  Ar-Kr-Xe.  This  shows  the  effective¬ 
ness  of  both  highly  impulsive  and  highly  attrac¬ 
tive  collisions  in  rotational  relaxation  of  KF. 

The' rates  with  H2  and  D2  are  ten  times  higher  than 
those  with  rare  gases,  pointing  out  the  importance 
of  rotation-to-rotation  transfer  in  rotational 
relaxation.  Because  these  measurements  give  new 
information  about  the  intermolecular  potentials  at 
close  range,  they  are  likely  to  be  important  in 
theoretical  modeling  of  the  rotation*to*translation 
transfer  in  such  systems  as  the  HF  chemical  laser. 


SESSION  ME:  NEW  DEVELOPMENTS 
IN  SOLID  STATE  LASERS 
Monday  morning.  3  October  1988 
Trlnldad/Madrid  Rooms  at  9:30 
Clifford  R.  Pollock,  organizer 
W.  F.  Krupka.  presiding 


Invited  paper 
9:30 

ME  1  Advances  In  Diode  Users  for  Solid  State 

User  Pump*.  DAVID  F.  WELCH  ,  Spectra  Diode  Ubs— The 
advances  in  high  power  diode  laser  arrays  ha*  greatly 
Impacted  the  application  bate  of  solid  state  lasers. 
Highly  efficient,  compact,  stable  and  highly  reliable 
solid  state  laaera  are  a  result  in  part  to  the  advances 
in  diode  laser  research.  Diode  laser  arrays  have  been 
shown  to  ealt  greater  than  6  W  cw  froa  a  LOO  ua  aperture 
and  over  38  V  cw  fro«  ale*  aperture  with  only  20X  of 
the  aperture  active.  Total  efflclenelet  of  57X  percent 
have. been  achieved.  These  devices  have  also  shown  to  be 
highly  reiiahLe  with  lifetimes  > 30,000  hrs:at  l  K  cw 
froa  a  200  ua  aperture  source,  and  >5,000  hrs  for  a  5  W 
cw  1  cm  aperture  array. 


Contributed  papers 
10:00 

ME 2  Later  diode  puaped  lJU.Nd:TAG  snd  Hd:B£L  lasers. 
RICHARD  SCHEPS,  PETER  POIRIER  and  JOSEPH  MYERS. 

NAVAL  OCEAN  SYSTEMS  CENTER,  and  DON  HELLER,  ALLIED 
SICNAt  CORP. — Performance  data  for  laser  diode-pumped 
cw  Nd : YAG  and  Nd:BEL  lasers  are  presented.  Two  single 
stripe  emitters  are  used  aa  the  pump  source,  each 
emitting  up  to  1  watt  In  the  pump  band.  The  heat 
sinks  for  the  laser  diodes  are  temperature  controlled 
to  allow  for  wavelength  tunabillty.  The  resonator 
is  a  hemispherical  design.  Output  and  pump  threshold 


:•••»  'H  •  A r 

p’j-io  to  l.T?"r  cavity  photon  of  ?  iclenrv  ■»{  irrr--l- 
aitelv  50  percent.  In  addition,  a  red  of  *: i *  =  E L  vh 
pumped  in  the  same  resonator  with  ocrrpanb ! e 
performance.  Results  for  both  hoecs  at  the 
fundamental  and  aLso  the  doubled  wav*»  length  i !  ;  Re¬ 
presented.  To  nur  knowledge  these  ar**  the  l>‘.  chest  «-w 
end-pumped  power  and  efficiencies  reported  f-r  SdifAG 
and  Nd : BEL  to  date . 

10:15 

ME  3  A  Diode  End-pumped  Nd:VAl0i  Laser.*  PADETHA  TIN 
and  L.  D.  SCHEARER,  University  of  Mlssourl-Rolla  — 
Following  our  earlier  work  on  lamp-pumped  Nd  doppd 
YAIO3  crystals*,  we  have  successfully  end-pumped  a 
small  "a-axls”  crystal  of  this  material  with  a  50nmU. 
cw  diode  laser.  The  Spectra-Diodes  500roW  pump  laser 
emitting  at  800nm  yielded  more  than  55t?W  of  laser 
emission  at  1079nra.  The  cavity  consisted  of  the  O.r^n 
long  crystal,  one  end  coated  for  high  reflectivity  at 
1080nm  and  high  transmission  (>80I)  at  800nm,  a 
spherical,  coated  lens  (f-30nni),  and  a  plane  951 
reflecting  output  mirror.  Thresholds  were  below  50mW 
and  as  low  as  8mW  with  a  high  reflectivity  mirror. 

Laser  emission  was  obtained  at  1064.5,  1072.9,  1079.5, 
1091,  and  1084nm  with  the  addition  of  a  Lyot  filter  to 
the  cavity.  Each  of  these  bands  could  be  tuned  through 
several  nm  with  an  uncoated,  0.25nan  thick  etalon  In  che 
cavity.  Cain  and  tuning  curves  for  the  system  will  be 
presented. 

* 

Research  supported  by  Polatoalc,  Inc. 

1.  L.  D.  Schearer  and  M.  Leduc,  J.  Quant.  Electr. 

QE-22,  756  (1986). 


Invited  papers 
10:30 

ME  4  Progress  in  the  Development  of  New  Laser 
Materials,  R.C.  Morris,  Allied-Signal,  Inc. --The 
development  of  solid-state  laser  gain  media  has  pro¬ 
ceeded  In  fits  and  starts  since  the  discovery  of  the 
ruby  laser  in  1960.  While  lasing  action  has  since 
been  observed  in  numerous  substances,  surprisingly 
few  have  completed  the  rigorous  and  costly  transition 
from  interesting  substance  to  engineering  material . 
During  the  past  several  years,  there  has  been  an 
acceleration  In  the  rate  of  development  of  solid-state 
lasers,  driven  in  part  by  new  laser  device  applica¬ 
tions,  and  several  single  crystal  laser  hosts  have 
emerged  which  offer  promise  as  true  engineering 
materials.  The  number  of  ’‘interesting  substances  has 
also  expanded.  These  developments  will  be  reviewed  in 
the  context  of  the  interplay  between  materials 
science,  laser  engineering,  and  crystal  growth  process 
development. 


tt:00 

me  3  Using  iad  SptrtigKgpk  PrmrU«  <?£  ChimiutLAsumcd 

Forrtcrite  *  V.  PETRICEVIC.  S.  K.  GAYEN,  and  R  R  ALFAN0  Institute 
for  Ultrafist  Spectroscopy  tnd  Lasers.  City  College  of  New  Yort  - 
Near  infrared  vibronic  laser  action  in  chromium-doped  forstenie 
Ifr  for  both  visible  and  neir-iofrared  pumping  and 

different  crystal  orientations  vill  be  presented.  The  free-running 
laser  output  peaks  at  1235  no  tnd  has  a  bandvidth  of  23  no  1  Using  a 
quarts  birefrigent  filter  at  Brewster  s  angle  in  the  cavity  the  laser 
output  has  been  tuned  over  the  1173-1270  no  spectral  range  The 
room- temperature  absorption  and  emission  spectra  are  characterized 
by  broadband  transitions  between  the  states  of  the  chromium  100  At 
lov  temperatures,  lie  fluorescence  spectrum  exhibits  sharp  jero- 
phonon  lines  accompanied  by  structured  vibrational  sidebands 
Characteristics  of  the  absorption  and  emission  spectra  fluorescence 
lifetime,  energy-level  structure,  and  laser  parameters  such  as  slope 
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Bi/U  .  AH.  ?/tys.  See 
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».f!"ir;rocr  «p®'!riMr.d  :**’5p'irnt  ?ei!S?!on  cms  sec'.joni 

▼  til  be  reported 

‘Supported  by  NASA  ARO  Mitsui  Mining  ind  Smelting  Co  . 
Hamcmitsu  Photonics  KK.  aodCCNY  Organized  Research 

I  V  Petricevic  S  K  ''avert  R  R  Alfaoo.  K  Yamagisht  H 
Anzaa.  and  Y  Yamaguchi.  Appl  Phys  Lett  52. 1040  C 1 9SS >  j 

_ I 


Contributed  papers 
1 1  30 

ME  6  Birefringence  of  Solid-State  Laser  Media:  Broadband 

Tuning  Diaconnnuiiies  arcLApplicaaflutp  User  Lins  Narrpvdng.  JS. 
Krasinski,  Y.B.  Band*.  D.F.Heller,  and  P.A.  Papanestor, 

Allied-Signal  Inc.  --  The  natural  birefringence  of  optically  anisotropic 
broadly  tunable  solid-state  laser  media  can  be  exploited  to  provide 
rabstanriaJ  spectral  narrowing  of  the  laser  output.  Lasers  employing 
such  media  frequently  tune  discontinuous^,  doe  to  birefringence 
effects.  Once  these  effects  are  understood  and  controlled,  continuously 
tunable,  spectrally  narrow  laser  output  results.  When  the  the 
polarization  axis  of  the  medium  is  slightly  misaligned  with  respect  to 
intracavity  polarizing  elements,  or  when  the  laser  operates  well  above 
threshold,  the  laser  tunes  continuously  but  exhibits  a  periodic 
modulation  of  the  output  power  as  a  function  of  frequency.  For  large 
misalignment,  or  near  threshold  operation,  the  laser  generates  narrow 
bandwidth  output  and  the  laser  frequency  hops  during  tuning.  Narrow 
bandwidth  operation  with  continuous  tunability  is  obtained  using  an 
intracavity  bireftingent  compensator.  Experimental  Results  using 
alexandrite  as  the  bireftingent  gain  medium  are  presented. 

*  Permanent  Address,  Ben-Gurion  University,  Beer-Sheva,  Israel 


ME 7  Tunable  cv  laser  action  of  In 

double  sensitised  f luoroalumt nat e  xlaaa  at 
room  temperature.  E.  HEUMAMN,  H.  LEDIG,  D. 

EHRT,  and  V.  SEBBER,  Frledrlch-Schl 1 ler  Unlver- 
alty  Jena.  E.V.  DUCZYNSKI,  H. J. v.d. HEIDE,  end 
G.  HUBER,  University  Hamburg— -Spec troeco pic 
■eaaurementa  Indicate  an  efficient  energy 
transfer  from  Cr  via  Yb  to  Er  In  f luoroa 1 uml- 
note  flat*.  Ae  a  reault  ew  lasing  was  obtained 
for  the  flret  time  in  this  glass  at  room  tempe¬ 
rature.  Double  etep  pnmplrif  via  Cr  and  Yb  with 
a  krypton  laser  yields  a  threshold  pump  power 
of  less  than  100  mV  for  the  glass  laser  at 
1.56  pm.  Using  mirrors  of  different  spectral 
reflection  characteristic  the  tunability  of 
the  Er- f luoroalumin&te  glass  laser  la  demon¬ 
strated. 

Ifflolent  flashlamp  pumping  of  thle  glass  via 
Cr  and  Yb  or  pumping  with  LED-arrays  via  Yb 
esn  bs  expsoted. 


SESSION  MF:  PLENARY  II 
Monday  afternoon,  3  October  1988 
Imperial  Ballroom,  Salon  B  at  13:30 
A.  C  Tam,  presiding 

i 

13:30 

MF  I 

Spin  Polarisation  of  Atoms  and  Nuclei  by  Laser  Pumping.  * 

VY.  Rapper,  Princeton  University  -The  nuclear  spins  of  lioble 
gues  can  hare  relaxation  times  as  long  as  several  hours.  By  spin 
exchange  laser  pumping,  nuclear  spin  polarisations  approaching 
100%  can  be  generated  in  mixtures  of  alkali  vapors  with  noble 
gases  at  densities  of  several  amagats.  Such  gases  are  interesting 
targets  for  nuclear  scattering  experiments.  In  the  heavier  noble 
gases  the  polarisation  transfer  rates  are  greatly  enhanced  by  the 
formation  of  alkali- noble  gas  van  der  Waals  molecules.  The  long 
relaxation  timet  lead  to  magnetic  resonance  Bnewidths  on  the 
order  of  10~*  Herts,  so  that  it  is  possible  to  measure  extremely 


- n ^ : - ; - ? ^ ^  ~nrr/**t*  <ri — v 
lions  -xsih  the  ^svils  "l  hr  nuclei  of  radioactive  n.crhie 

gases  can  he  polarized  by  the  same  methods. 

Supported  by  AFOSR  grant  81-0104- C. 


SESSION  MG:  APPLICATIONS  OF 
LASER/ SLR FACE ! NT E  R  A CTI O  NS 
Monday  afternoon.  3  October  1988 
Imperial  Ballroom.  Salon  B  at  14:30 
A.  C.  Tam,  organizer 
A.  C.  Tam  and  S.  D.  Allen,  presiding 


Invited  papers 
14  30 

MG  1  Progress  In  Laser  Applications  to  Surface 
Science:  Trieste  Conference.  E.  Uarc!  Plummer.  University 

of  Pennsylvania- -abstract  not  available. 


15  00 

MG  2  Bridging  Concepts  Between  Single  Atom  Ejection  and  Gross 
Surface  Explosions  Upon  Laser  Ablation.  R.  W.  DREYFUS,  IBM  Res. 
Thomas  J.  Watson  Research  Center.  Yorktown  Heights.  NY  10598.- 
Single  atoms,  radicals  and  polyatomic  clusters  are  ejected  from  various 
solids  following  Irradiation  with  pulsed  excimer  User  light.  Our  ex¬ 
periments  utilize  laser-induced  fluorescence  measurements  and  plasma 
probes  to  study  the  ejection  process.  At  low  excimer  fluences  (Le. 
removing  <<monolayers/puUe  )  ejection  is  similar  to  molecular 
photodissociation  in  that  photochemical  and/or  thermal  pathways 
appear  to  produce  the  dissociation.  At  the  other  fluence  extreme, 
gross  surface  ablation  (removing  ~3nm  to  1/im)  introduces  many 
complicated  Interactions,  e  g.  free  electron  plasmas,  gas  phase  colli¬ 
sions,  surface  morphological,  optical  and  chemical  changes.  The  pres¬ 
ent  discussion  centers  on  evaluating  these  higher  order  effects  by- 
looking  at  the  transition  region  (■'monolayer  removed )  and  comparing 
these  results  with  both  higher  and  lower  fluence  regions.  While  no  one 
concept  covers  all  wavelengths,  fluences  or  materials,  two  generally 
valid  concepts  are:  at  <lJ/cml  the  luminous  plasma  effects  the  plume 
but  not  the  surface,  and  the  chemical  and  physical  perfection  of  the 
surface  controls  the  near  threshold  etching  behavior.  Al  fluences  sig¬ 
nificantly  above  threshold,  the  comparison  between  photochemical 
ablation  and  (thermal)  vaporization  requires  so  evaluation  in  terms 
of  many  parameters  and  Interactions. 


15:30 

M0  3  _ 5  CP-EJgg _ JAilDX _ Laser -.Induced  Phase 

Transformation  in  Thin  Films.  Martin  Chen,  IBM  Almaden 
Research  Center- -abatract  not  available. 


Contributed  papers 
1600 

MG  <  Laser  Induced  Refractive  Index  Change  In 
Ppl-Y^rs.  0.  S.  DUNN  and  A.  J,  OUOERKIRK,  38  Corporate 
Research- • Pulsed  UV  laser  irradiation  of  polymers  has 
been  shown  to  produce  a  thin,  approximately  50  nm  thick, 
layer  with  reduced  refractive  index  on  the  polymer 
surface.  This  refractive  index  change  decreases  the 
polymer  reflectivity.  The  reflectivity  decrease  is 
broadband,  covering  the  spectral  range  400-800  nm, 
suggesting  the  existence  of  a  graded  refractive. index 
profile  from  the  polymer  surface  to  the  bulk.  This 
laser-based  process  does  not  texture  the  polymer  so  the 
antireflectl ve  structures  produced  are  very  durable  and 
resistant  to  fingerprints.  Possible  reaction  mechanisms 
and  applications  of  this  technology  will  be 
discussed. 


Vol.  33,  No.  8  (1988) 
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4.  V.  Petrine  vie,  S.  K.  Gayen,  and  R.  R.  Alfano,  "Continuous- Wave  and  Tunable 
Laser  Operation  of  Chromium- Activated  Forsterite  Laser",  Bull.  Am.  Phys.  Soc. 
34,  965  (1989).  Presented  at  the  March  Meeting  of  the  American  Physical 
Society,  20-24  March,  1989,  St.  Louis,  Missouri. 


nsSwas " —in  -tmaflife#  *Trtra_a^ 


resuits  oi  opticii  i*,uc;es  -vr.zcn  .'.jve  i*.o-veu  us  to  study  uer.avuor 

ot  Cr^""  at  disordered  sues  within  a  muiiiie  ceramic  host.  Tbe 
results  indicate  that  the  existence  of  these  low  field  ions,  which 
are  iikeiy  connected  with  sites  on  the  nucrocrystailine  surfaces, 
accounts  for  most  of  the  spectroscopic  anomalies  previously  noted 
in  these  materials,  furthermore,  energy  transfer  from  ordered 
high  field  to  cisorcerea  low  f.eid  ions  is  ooserved.  The  resuiting 
complex  spectra  are  deconvolved  by  means  of  the  recently 
developed  technique  of  Saturation  Resolved  Fluorescence  i,SRF) 
spectroscopy. 

'Supported  by  L*S  DOE  under  contract  DE— FG— 09— 37ER45291 


The  City  Coi’.sge  3 i  New  Yor.x.  me  itcver.s  .>■ 

Teermoiogv.  -  The  continuous  wave  .user  action  in  cnromium- 
icnvated  forstente  'Cr:Mg:SiOi)  at  room-icmpemmre  is  reported. 
The  experimental  arrangement  uses  longmidmai  pumping  by  1064- 
nra  radiation  from  a  cw  N’diYAG  laser  in  a  nearly-concentnc  cavity. 
The  laser  emission  is  centered  at  1244  run.  and  has  a  spectral 
bandwidth  of  i2  nm.  Continuous  tunabUirv  over  the  1167*1345  nm 
spectral  range  has  also  been  demonstrated  for  the  pulsed  mode  of 
operation  with  a  single-plate  biremngent  filter  as  the  intracavity 
dispersive  element.  Relevant  laser  and  quantum  electronic  properties 

of  the  Cnfonterite  system  will  be  presented. 

*■  Supported  by  ARO,  NASA,  and  CCNY  Organized  Research. 


Supplementary  Pa  pen 

Q16  10  HTR  In-situ  Annealing  Study  of  Hvdrogen-Bonded 
OH  Grouts  in  an  Amorphous  Silicon  Dioxide  Film*.  2.  YIN  a 
,  D.  V.  TSU  0  ,  G/LUCOVSKY  0  ,  and  F.  W.  SMITH  a  .  a  Citv 
College  of  New  York  and  0  North  Carolina  State  Univ.  — 
The  annealing  behavior  of  the  IR  absorption  in  an  amorphous 
silicon  dioxide  film  deposited  by  Remote  PECVD  has  been  stu¬ 
died  via  in-situ  FT1R  spectroscopy  up  to  350°C  with 
emphasis  on  the  thermal  response  of  the  hydrogen -bonded 
OH  groups.  Both  irreversible  and  reversible  effects  of  anneal¬ 
ing  have  been  observed,  with  the  former  effects  associated 
with  the  loss  from  the  film  of  hydrogen  contained  in  OH 
groups.  Dramatic  reversible  changes  in  the  O-H(s)  absorption 
band  (3100-3700  era'1  )  associated  with  thermally- induced 
weakening  (and  possibly  breaking)  of  the  0-H*»‘0  hydrogen- 
bonded  groups  have  been  observed  for  the  first  time  in  this 
film.  These  results  and  additional  reversible  changes  observed 
for  the  main  Si-0(s)  band  will  be  discussed  in  detail. 

*  Research  supported  at  CCNY  by  US  DOE  grant  DE-FG02- 
87ER45317  and  at  NCSU  by  ONR  contract  N00014-C-79- 
0133 


Qi6  ii  Utht  of  .Caltium-Alumiaate 

Oxide  Glasses  and  Halide  Glasses.  J.  SCHROEDER,  L.G.  HWA, 
AND  X.S.  ZHAO,  Department  of  Physics  and  Center  for  Glass 
Science  and  Technology,  C.T.  MOYNIHAN,  Department  of 
Materials  Engineering  and  Center  for  Glass  Science  and 
Technology,  Rensselaer  Polytechnic  Institute,  Troy,  NY 
12180-3590  —  Rayleigh-Brillouin  scattering  measurements  on 
various  Calcium— Aluminate  based  oxide  glasses  and  halide  glasses 
as  a  function  of  temperature  and  composition  have  beat 
performed.  The  Landau— Placzek  ratio  and  Brillouin  shifts  are 
calculated  from  the  Rayleigh-Brillouin  scattering  spectrum  of 
both  glass  systems.  The  total  intrinsic  loes,  consisting  of  the 
Rayleigh  Scattering,  multiphonon  edge  contributions  and 
impurity  absorption  are  obtained  for  these  potential  low-loss 
optical  waveguide  materials.  The  technique  of  high  temperature 
light  scattering  allows  us  to  determine  the  temperature  and  time 
dependence  of  the  Landau-Placzek  ratio  of  the  ZBLAN  glass  up 
to  and  through  the  £lass  transition  temperature.  Thereby,  any 
extrinsic  loss  mechanisms  are  probed  in  this  low  loss  halide  glass. 

The  authors  gratefully  acknowledge  the  support  of  this  work 
through  NR1>-N00014— 88— K— 2033  and  NSF-DMR-88-^1004. 


8:12 

Q17  2  Sleg-tr-on^Exclted  Optical  Mission  from 

H-»Q  Adsorbed _ on  Potassium  Halides _ _ I8*K. 

E.T.  ARAKAWA  and  M.  KAMADA*,  Oak  Ridge  National 
Laboratorvt — Electron-excited  optical  emissions 
from  HjO  adsorbed  on  XC1  and  KBr  crystals  at 
78  ‘K  have  been  investigated.  A  vibronic 
structure  with  constant  energy  intervals  of 
about  0.12  eV  was  observed  in  the  wavelength 
region  of  440-740  nm,  indicating  that  it 
originates  from  02”  ioite.  Exposure  of  the 
crystal  surfaces  to  water  vapor  increased  the 
emission  intensity,  but  exposure  to  oxygen 
suppressed  it.  The  temperature  dependence  of 
the  02*  emission  intensity  showed  an  anti¬ 
correlation  with  that  of  the  OH  emission 
intensity.  These  results  indicate  that  the  Oa*’ 
ions  may  be  produced  through  dissociation 
of  adsorbed  H20  by  electron  excitation. 

^Present  address:  U.  Osaka  Prefecture,  Sakai 
591,  Osaka,  Japan 

T operated  by  Martin  Marietta  Energy  Systems, 
Inc.,  for  the  USDOE  under  contract  DE-AC05- 
840R21400. 
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Bl3*-gu2*  Energy  Transfer  In  CaS. 


M.D.  HILL*.  K.  CHAKRABARTI**.  V.K.  MATHUR.  R.J. 

ABSUNDI  --  Naval  Surfaca  Warfare  Cancar. -Vhica  Oak. 
Silver  Spring,  MD  20903-5000.--  Bi  -gu  energy 
crane  far  is  observed  in  both  the  photoluainescence  and 
the  optically  stimulated  luminescence  spectrum  of 
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emission  band 


a  Bi  absorption  band  is 


excited.  Optically  stimulated  luminescence  (OSL), 
observed  subsequent  to  exposure  to  480nm  light,  shows 
the  Eu4'*  emission  only.1  OSL  observed  after  exposure 
to  ionizing  radiation  shjw»  the  Eu2*  emission 
predominantly  due  to  Bi  —  Eu  energy  transfer. 


X.  Chakrabarti,  V.K.  Hathur,  and  R.J.  Abbundi,  Phys . 
Rev  3  (in  press) 

*  Virginia  Polytechnic  Institute  and  State 
University.  Blacksburg,  VA  24061 
**  On  leave  from  Southwestern  Oklahoma  State 
Univerr'ry.  Weatherford,  OK  73096 
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_ and  Tunable  T.aser  Operation  of 

ChnMriunMCtivtrt  Fontcriu  Laagc»v.  petoiCeviC 

R.  R.  ALFANO,  The  Ory  College  of  Now  York;*  S.K.GAYEN, 
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Q174  A  New  Contribution  to  Soin-Forbidden  Rare  Earth  Optical 
Transioons  Imensiriea.  G.W.  BURDICK  and  M.C.  DOWNERr.  LL 
Trxij  at  Amnn*;  D.K.  SARDAR*.  U.  Texas  at  San  Antonio.  We 
expand  upon  recent  quantitative  calculations*  which  show  that 
numerous  parity-  and  spin- forbidden  linear  optical  transitions 
observed  in  tnvalent  rare  earth  ions  acquire  a  major  fraction  of  their 
intensity  from  hitherto  neglected  contributions  involving  spin-orbit 
linkages  within  excited  configurations.  Extending  our  revised 
analysis  of  observed  linear  absorption  intensities  for  Gd*+  and  Eu^  to 
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5.  S.  K.  Gayen,  V.  Petricevic,  and  R.  R.  Alfano,  "Spectroscopic  and  Quantum 
Electronic  Properties  of  Chromium- Activated  Forsterite",  in  Quantum 
Electronics  and  Laser  Science  Conference,  1989  Technical  Digest  Series ,  Vol  12, 
(Optical  Society  of  America,  Washington  D.C.  1989)  pp.  172-173,  presented  at  the 
Quantum  Electronics  and  Laser  Science  (QELS)  Conference,  Baltimore, 
Maryland,April  24-28, 1989. 
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thicknesses  The  conff’Svt  ’0  ;s>  ''tn  -he 
Interlaces  is  thus  divided  out.  and  the  bulk  toss 
value  is  obtained.  An  example  ol  such  a  measure¬ 
ment  for  fused  silica,  from  10  to  125  GHz.  is  shown 
In  Fig.  2.  Oix  results  are  consistent  with  previous 
data.  The  resolution  In  the  refractive  Index  mea¬ 
surement  Is  determined  by  the  temporal  resolution 
of  the  experiment,  sample  thickness,  and  Its  uni¬ 
formity.  With  the  samples  used,  and  our  present 
time  resolution  for  delay  (0.5  ps).  this  accuracy  is 
±1%.  The  experimental  resolution  In  the  deter¬ 
mination  of  loss  is  given  by  the  fluctuations  in  the 
laser  power  and  Is  estimated  to  be  5  % . 

The  quasloptical  nature  of  this  measurement 
technique  can  be  exploited  to  characterize  sam¬ 
ples  In  other  configurations,  for  example.  In  reflec¬ 
tion.  Another  consequence  Is  that  by  placing 
lenses  In  front  of  both  antennas  we  increased  the 
received  signal  strength  permitting  much  wider 
(>  1 5-cm)  separation  between  the  antennas.  An 
added  benefit  is  that  the  beam  can  be  collimated, 
thus  eliminating  the  need  to  correct  for  the  refrac¬ 
tion  that  occurs  in  the  samples.  This  Is  easily 
checked  by  using  fused  silica  which  has  a  negligi¬ 
ble  loss  at  microwave  frequencies.  Results  using 
this  configuration  are  also  presented.  ( 12  min) 

1 .  D.  H.  Auston.  In  Picosecond  Optoelectronic  De¬ 
vices.  C.  H.  Lee.  Ed.  (Academic.  Ortando. 
1984),  pp.  73-117  and  references  therein. 

2.  See.  for  example.  A.  H.  Harvey,  Ed..  Microwave 
Engineering  (Academic.  London.  1983). 

3.  K.  S.  Yngvesson.  D.  H.  Schaubert.  T.  L.  Korzen- 
lowskl,  E.  L.  Kolfberg.  T.  Thungren.  and  J.  F. 
Johansson.  IEEE  Trans.  Antennas  Propag.  AP- 
93.  1392(1985). 

4.  A.  P.  DeFonzo.  and  C.  Lutz.  Appl.  Phys.  Left.  5 1, 
212(1987). 

5.  Y.  Pastol.  G.  Arjavallngam.  J.-M.  Halbout.  and 
G.  V.  Kopcsay.  to  be  published  In  Electron.  Lett. 
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David  C.  Hanna,  University  of  Southampton, 
U.K.,  Preside* 

THKK1  Properties  of  CH+  hi  new  foorkfe  hoet 
crystals 

STEPHEN  A.  PAYNE.  L.  L  CHASE.  L  K.  SMTTH.  H. 
W.  H.  LEE.  Lawrence  Uvecmore  National  Laborato¬ 
ry.  P.  O.  Box  5508.  Livermore,  C,\  94550. 

We  recently  discovered  a  new  class  of  Cr3* 
sotid-statt  laser  based  on  the  flui/tde  host  materi¬ 
als  having  fee  cofqubttte  structure  UCaAF«  (U* 
CAF)’  and  USrAJF«  (USAF).  We  found  Oiat  these 
materials  exNblt  efficient  laser  performance,  aa 
determined  with  a  Kr  laser-pwnped  experimental 
conflgwation.  By  taking  the  passive  losses  of  lha 
laser  crystals  Into  account,  we  find  feat  the  extrap¬ 
olated  slope  efficiencies  of  CrUCAF  andCr.USAF 
are  67  and  53%.  respectively,  white  tire  quantum 
defect-limited  efficiency  la  80%.  On  fee  ofeer 
hand,  moet  ether  Cr  lasers  typically  have  efficien¬ 
cies  feat  are  <30%.*  The  question  eriaea  as  to 
what  favorable  properties  of  fees#  hosts  are  re- 
aportsXXe  for  fee  efficient  laser  performance  of 
CrrtlCAF  end  OrLISAF. 


“Se  poor  eff'Oencv  oi  r"cs:  Cr  as«rs  ~as  envi¬ 
ously  been  attributed  !o  the  o*eriao  ol  the  exersd- 
slate  absorption  (ESA)  bard  with  the  emission 
band.*  Arguments  were  presented  which  show 
that  the  peak  positions  of  the  ESA  and  emission 
bands  are  strongly  influenced  by  the  nature  of  the 
Jahn-Teller  effect  (JTE)  in  the  4  T,  excited  state. 
Direct  measirements  of  the  ESA  spectrum  of 
CrUCAF  rndlcate  that  this  host  material  resists  the 
JT  distortion  sufficiently  so  as  to  minimize  the 
overlap  between  the  ESA  and  emission  featires. 
The  ESA  Is  found,  however,  to  provide  a  non- 
negilglble  detriment  to  the  laser  performance  for 
CrLISAF. 

The  JTE  of  the  *T2  state  Is  due  to  dynamic 
nuclear  displacements  In  the  e9  mode,  tn  this 
work,  we  provide  two  independent  measures  of  the 
JT  energy  of  CrLICAF.  One  method  is  based  on 
the  shift  of  the  ESA  peak  from  the  position  which  Is 
predicted  on  the  basis  of  crystal  flekj  theory:  the 
other  Involves  the  Interpretation  of  the  splittings  of 
fee  zero-phonon  lines  of  the  *T2  state  (known  as 
fee  Ham  effect3).  We  attempt  to  reconcile  the  two 
calculations. 

The  reduced  influence  of  fee  ESA  band  at  fee 
lasing  wavelengths  Is  also  In  part  due  to  the  naive 
of  fee  statistically  Induced  transition  moment.  The 
substitutional  Al  site  Is  predominantly  octahedral  In 
character,  and.  therefore,  the  Cr3*  Ion  Is  svround- 
ed  by  six  fluorines.  There  exists,  however,  a  small 
static  distortion  of  fIu  symmetry,  which  fs  responsi¬ 
ble  for  Inducing  significant  oscillator  strength  Into 
the  spectral  featves.  We  use  group  theory  to 
relate  fee  statistically  Induced  transition  strengths 
for  all  the  relevant  transitions,  including  fee  yound 
and  excited-state  absorptions,  and  fee  emission 
band.  It  Is  shown  feat  fee  f7w  field  Increases  the 
transition  moment  for  fee  v -polarized  emission  but 
not  for  fee  ESA  that  occurs  near  fee  emission 
band,  feus  accounting  for  fee  reduced  Influence  of 
fee  ESA  at  fee  lasing  wavelengths. 

(Invited  paper.  25  min) 

1.  S.  A.  Payne.  L.  L.  Chase.  H.  W.  Newkirk.  L.  K. 

Smith,  and  W.  F.  Krupke,  IEEE  J.  Quantum  Elec¬ 
tron..  to  be  published. 

2.  J.  A.  Cafrd.  S.  A.  Payne.  P.  R.  Slaver.  A.  J. 

Ramponl.  L.  L.  Chase,  and  W.  F.  Krupke.  IEEE  J. 

Quantum  Electron.  OC-24,  1077  (1988). 

3.  F.  S.  Ham.  Phys.  Rev.  A.  8, 1727. 

THKK2  Spectroscopic  and  quantum  electronic 
properties  of  a  chromium  activated  foreterite  te- 

eer 

S.  K.  GAYEN.  Stevens  Institute  of  Technology, 
Dept.  Physics  4  Engineering  Physics.  Hoboken,  HI 
07030;  V.  PETRICEVIC.  R.  R.  ALFANO.  CUNY-City 
Cortege,  Institute  for  Uttrafsst  Spectroscopy  4  La¬ 
sers.  New  York.  NY  10031. 

Chromfwrtectivated  forsterne  (CriMgjSIO,)  Is  a 
new  broadly  frequency-unable  vibronlc  solid-state 
laser  In  fee  near-R  region.  Room-lemperatwe 
pulsed  and  ew  laser  action  has  been  obtained  In 
feis  system  (or  both  532-  and  1084-nm  excitation 
from  a  NtfYAG  laser.  However,  fee  Identity  of  fee 
taslng  center  in  Crforsterite  has  not  yet  been  es¬ 
tablished  wife  certainty.  Atfeou^  bivalent  chro¬ 
mium  (Or3*)  la  fee  active  ton  In  all  fee  chromkrrv 
based  solid-state  lasers  reported  to  date.  Indica¬ 
tions  are  feet  feta  system  is  an  exception.  The 
lasing  center  In  Crforsterite  may  be  another  va¬ 
lence  state  of  chromium,  presumably  fee  tetrava- 
lent  State  Or4*.  We  present  a  set  of  spectroscop- 
to  measurements  to  characterize  this  Important 
laser  system  and  attempt  to  shad  H^tt  on  fee  ne* 
two  of  fee  lasing  center. 

The  polarized  absorption  spectra  of  Cr  foreterite 
both  at  room  wvf  Hqukt-nftrogeo  temperature*  for 
dWferent  orientations  of  fee  crystattofyaphle  axes 
are  shown  In  Fig-  1.  The  spectra  are  character- 
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*80  nm.  r e?pec‘,«'?,y.  -or  E  ?  \y  ?«- 
position  of  the  750-nm  band  change  *.-r,  pcuu-za. 
tlon.  At  liquid  nitrogen  temperature  sharp 
appear  in  the  spectra.  The  foonvtemoera^ure 
orescence  spectrum  Is  a  broad  band  spanning  ;he 
700-  1400-nm  range.  Al  liquid  nitrogen  temper 
ture  the  fluorescence  spectrum  breaks  up  into 
three  structured  bands  as  displayed  in  Fig.  2. 

A  careful  analysis  of  fee  emission  and  absorp¬ 
tion  spectra  reveals  feat  there  are  two  optically 
active  centers  In  chromium-activated  (orstertte. 
and  both  centers  contribute  to  the  observed  emis¬ 
sion  and  absorption  spectra.  The  strong  polariza¬ 
tion  dependence  of  the  750-nm  absorption  band  is 
consistent  wife  transitions  between  stales  of  Cr5* 
ion  In  a  site  of  low  symmetry.  The  fluorescence 
band  spanning  the  1 100- 1400-nm  range  is  fee 
Stokes-shitted  counterpart  of  fee  850-  1 100-nm 
absorption  band.  Laser  action  is  observed  over 
part  of  this  fluorescence  band.  We  attribute  fei$ 
R  absorption  and  emission  to  bansrtfons  between 
states  of  another  center  other  than  Cr3*.  presum¬ 
ably  Cr**  In  a  tetrahedral  site.  The  wavelength 
dependence  Of  fluorescence  lifetime  provides  fur- 
thee  indication  feat  the  emission  In  the  1 100- 1  *00- 
nm  range  and  feat  in  the  700-1 1 00-nm  range  ar  ise 
from  two  different  centers.  Complementary  spec¬ 
troscopic  measurements  and  feelr  analysis  in 
terms  of  standard  theory  for  optical  transitions  in 
l  mp<xlty- ton-doped  crystals  are  presented  to  gain 
insight  Into  laser  emission  In  chromium-activated 
forsterite.  (12  min) 

1.  V.  Petrlcevfc.  S.  K.  Gayen,  R  R  Aifano.  K. 

YamaglsW.  H.  Anzal.  and  Y.  Yamaguchi.  Appl. 

Phys.  Lett.  52.  1040(1988). 

2.  V.  Petrlcevlc.  S.  K.  Gayen.  and  R  R  Aifano. 

Appl.  Opt.  27,  4162(1986). 

THKK 3  Energy  transfer  studies  between  Cr4* 
end  Tm3*  In  scandium  and  aluminum  garnets 

a  J.  QUARLES,  LEON  ESTEROWITZ.  U  S  Naval 
Research  Laboratory,  Washington.  (X  20375- 
5000:  A.  ROSENBAUM.  G.  ROSENBLATT.  Sachs/ 
Freeman  Associates.  Inc..  Landover.  MO  20785- 
5398. 

Recent  papers  have  reported  on  the  properties 
of  scandium  and  aluminum  garnets  doped  wife 
bivalent  chromium,  feuHurn.andhoimlum  for  2-ym 
laser  operation.’"3  However,  there  have  been  no 
systematic  Investigations  of  the  transfer  efficien¬ 
cies  between  Cr3*  and  Tm3*  in  various  hosts  and 
how  these  efficiencies  change  wife  activator  and 
sensitizer  concentration.  The  present  work  in¬ 
cludes  both  experimental  and  theoretical  studies  of 
fee  transfer  efficiencies  in  YAGL  YSAG.  and  YSGQ. 
Preliminary  results  Indicate  feat  fee  ener  gy  transfer 
mechanism  Is  due  to  a  dipole-dipole  interaction. 
The  results  provide  a  basis  for  fee  optimization  of 
the  Cr3*  and  Tm3*  concentrations  m  ftash-pimped 
2-jtm  laser  material.  This  requires  simultaneous 
maximization  of  fee  energy  transfer  and  minimiza¬ 
tion  of  fee  thermal  toedkr* /issoctated  »nh  high 
Or3*  concentrations.  ' 

Several  samples  wife  widely  varying  Cr3*  and 
Tm3*  concentrations  were  studied  experimentally 
The  bantfer  efficiencies  were  obtained  by  m«Asu- 
hrtg  fee  decay  rate  Of  fee  Cr3*  Ions  from  the  mixed 
*Ti/1E states  as  a  function  of  Tm3*  ton  concentra¬ 
tion.  The  *Tj  band  was  excited  wtfe  to-ns  pulses 
at  568  nm  from  a  YAG-pumped  dye  Use*  using 
rhodankne  590  dye.  The  Cr3*  emission  was  se¬ 
lected  by  a  monochromator,  detected  wife  •  photo- 
multiplier  tube,  ilgal  averaged,  end  stored  by  a 
bans  lent  digitizer.  Decay  rates  were  monitored  at 
severe)  wtvelengfee  ecrosa  fee  *iy?£  emission 
band,  and  no  dlffarences  were  observed  The 
time  retokrtion  of  fee  detection  system  ««  better 
then  1  m*.  Qiwntum  efficiencies  of  fee  Or  — >  Tm 
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THKK2  Fly,  t.  Pclarl2ed  absorption  spectra  of 
Cr.forsterlte  lor  different  orientations  of  the  host 
crystal. 
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TVKK2  Fly.  2.  Fluorescence  Spectra  of  Cr:for- 
stertte  for  three  different  crystallographic  orient*- 


6.  V.  Petrifevic,  S.  K.  Gayen,  and  R.  R.  Alfano,  "A  Broadly-Tunable  Room- 
Temperature  Chromium-Activated  Forsterite  Laser",  in  Conference  on  Lasers 
and  Electro-Optics,  1989  Technical  Digest  Series ,  Vol  11,  (Optical  Society  ot 
America,  Washington  D.C.  1989)  pp.  22-24,  presented  at  the  Conference  on 
Lasers  and  Electro-Optics  (CLEO),  Baltimore,  Maryland,  April  24-28, 1989. 
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James  Harrison,  Schwartz  Electro-Optics. 
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MH  1  Multistage  Tl: Al,0 ,  ampUlier  system 

K.  F.  WALL  P.  LACOVARA.  R.  L.  AGGARWAL.  P. 
A.  SCHULZ  A.  SANCHEZ.  MIT  Lincoln  Laboratory. 
Lexington.  MA  02173. 

We  have  designed  and  assembled  a  longitudi¬ 
nally  pumped  multistage  Ti:Alj03  amplifier  system 
intended  to  produce  pulsed  tunable  single  frequen¬ 
cy  radiauon  from  750  to  850  nm  with  an  output 
energy  of  1  J/pulse  at  10  Hz.  This  system  is 
composed  of  three  major  subsystems:  (Da  cw 
TltAljOs  master  oscillator:  (2)  a  TiiALjOj  amplifier 
and  (3)  a  frequency  doubled  Nd:YAG  pump  laser. 

The  master  oscillator  is  a  cw  T^AljOa  single 
frequency  nng  laser1 2 *  pimped  by  a  cw  Ar-ion  laser 
and  Is  tunable  from  ~750  to  850  nm.  At  the  peak 
of  the  gam  profile  this  oscillator  provkies  a  signal 
of  ~0.5  W.  A  broadband  isolator  consisting  of  a 
Faraday  rotator  and  a  compensating  polarization 
rotator  provides  30  dB  of  isolation  over  the  tuning 
range  of  the  master  oscillator.  Pockets  cells  are 
used  to  gate  the  cw  beam  as  well  as  to  shape 
temporally  the  pulse  Intensity. 

The  Ti:Al20j  amplifier  consists  of  four  stages: 
a  four-pass  preamplifier:  a  two-pass  amplifier:  and 
two  single-pass  amplifiers,  as  shown  schematical¬ 
ly  In  Fig.  1.  Each  stage  consists  of  a  TkAI^j 
crystal  cut  at  the  Brewster  angle  to  minimize  re¬ 
flection  tosses.  The  signal  and  pump  beams  prop¬ 
agate  almost  coiimearty  (—1®)  and  are  polarized 
along  the  c  axis  of  the  crystal  (r  polarization)  to 
maximize  the  gain.  The  length  of  each  crystal, 
ranging  from  1.2  to  3.2  cm.  is  chosen  so  that 
essentially  all  the  pump  beam  is  absorbed 
p-95%). 

The  NdrYAG  ptmp  laser  consists  of  a  Q- 
switched  mode-locked  oscillator,  a  common  three- 
stage  amplifier  chain,  and  four  parallel  two-stage 
power  amplifier  chains  resulting  in  four  output 
beams  at  1.06  3tm,  as  shown  in  Fig.  2.  This  pump 
laser  provides  a  macropuise  180  ns 'm  duration 
consisting  of  100-ps  mode-locked  pulses  spaced 
10  ns  apart.  The  macropuise  repetition  rate  is  10 
Hz.  The  average  power  of  each  output  beam  at 
1.06  Mm  is  20  W.  Frequency  doubling  to  532  nm 
is  accomplished  using  5-cm  long  KD*P  crystals 
with  type  It  phese  matching.  Typically,  we 
achieve  25%  doubting  efficiency  resulting  in  5  W 
of  532-nm  radiation  in  each  output  beam. 

We  maaiixed  s  gam  of  2  X  1 D4  for  the  four-pass 
preamplifier  and  s  gain  of  1  X  10®  for  the  two-pass 
amplifier.  Gain  measurements  for  the  two  single¬ 
pass  amplifier  stages  are  in  progress.  Pump 
beam  inhomogerwities  (hot  spots)  give  rtse  to  am¬ 
plified  spontaneous  emission  noise  in  the  signal. 
We  are  investigating  the  use  of  random  phase 
plates®  to  eliminate  the  hot  spots  by  smoothing  out 
the  spatial  profile  of  the  pump  beams. 

(12  mm) 

1.  P.  A.  Schulz.  EEE  J.  Quantum  Electron.  QC-24, 

1039  (1966). 

2.  Y.  Kato,  K.  Mima,  N.  Mryanega,  S.  Artnaga.  Y. 

Kitagawa.  M.  Nakatstta.  and  C.  YamanMta. 

Phys.  Rev.  Lett.  11,  1057  (1964). 


MH2  i,.etar>crr.e  aser  *  f  »cec::a;  -esc- 
lution  and  hign  sowar  caoaoiiriias 

E.  ARMANOILLO  Eurcoean  Scace  Research  s 
Technology  Center.  i  Kepienaan.  Nocrcwun..  Tre 
Netherlands:  E.  NAVA.  G.  MOMBRiNi.  C:SE  Tecno- 
logie  innovative  S.p.A..  P  0.  Box  12081.  20134 
Milan,  ttaiy:  C.  MALVlCIN!.  Quanta  System.  18  Via 
Venezia  Giulia.  20157  Milan,  itaiy 

Alexandrite  is  me  oest  oeveiooed  NiR  tunable 
solid  state  laser  crystal.  Its  wide  tunabihry  range 
and  good  onysicai  oroDerties.  including  tne  oossi- 
bility  of  efficient  flashiamp  optical  oumomg.  make 
it  the  right  source  lor  lidar/DIAL  measurements  of 
important  chemicai-phvsicai  parameters  of  the  at¬ 
mosphere.  We  DuiJt  and  tested  a  Q-switcned  alex¬ 
andrite  laser  designed  to  fulfill  the  requirements  of 
singie-iongitudmal-mode  near-diffraction-iimited 
tunable  emission  m  mgn  energy  ouises  f0.5-i  Jl. 

A  ring  regenerative  slave  amplifier  similar  to 
that  oescribed  m  Ref.  1  was  injected  with  a  low 
power  master  oscillator. 

The  alexandrite  master  oscillator  consists  of  a 
1/4-  X  4-m.  Alexandrite  rod  oumoed  in  a  ooubie* 
etlioticai  chamber  and  a  stable  resonator  (Fig.  D. 
For  smgie-mooe  ooeration  a  muitioiate  Direfnngent 
filter  and  sapphire  resonant  output  reflector  acting 
as  a  temperature  tunable  frequency  filter  are  used. 
An  intracavity  aperture  controls  tne  single- trans- 
verse-mooe  oscillation. 

From  this  oscillator  we  obtained  600-MHz  band¬ 
width.  5-mj  energy  Q-switcneo  ouises  to  inject  the 
slave  cavity. 

The  stave  regenerative  nng  amolifter  consists  of 
a  three-mirror  cavity.  1/4-  x  4-m.  alexandrite  rod 
in  a  double  elliptical  pump  cnamoer.  Direfnngent 
tuner,  and  Brewster  angie  KD*PPockeis  cell.  The 
Pockels  cel)  is  triggered  Dy  the  master  puise  via  a 
photodiode.  From  me  injected  amplifier  we  ob¬ 
tained  narrow  oanaw«nn  ( 600-MHz )  emission  in 
pulses  of  1-J  output  energy 

Tests  are  in  progress  to  define  frequency  jitter 
and  stability,  temporal  width,  ana  amplitude  stabil¬ 
ity. 

The  system  will  oe  mounted  in  a  ground- Dased 
lidar/DIAL  facility  for  measurements  of  atmospher¬ 
ic  water  vapor  concentration,  pressure,  and  tem¬ 
perature.  Preliminary  results  are  presented. 

(12  m)n) 

1.  V.  Micheau.  F.  ae  Rouoemon:.  and  R.  Frey. 

Appl.  Phys.  B39,  219  (1986) 

MH3  Applications  of  new  solid  state  lasers  to 
the  protection  of  tunable  VUV  and  XUV  coherent 
radiation 

CL  H.  MULLER  III.  DEAN  P.  GUYER.  C.  E.  HAMIL¬ 
TON.  0.  D.  LOWENTHal.  Spectra  Technology. 
Inc.,  2755  Northup  Wa>  Benevue.  WA  98004:  T. 
D.  RAYMOND.  A  \,  SMITH  Sandia  National  Lab¬ 
oratories.  Albuquerque.  NM  87185 

We  have  recently  demonstrated '  a  7.5%  effi¬ 
cient  near-diffractiorvi.mitea  coherent  VUV  source 
operating  at  '—130  nm  Tne  vuv  wavelengths  are 
obtained  by  two-onoton  resonant  rou  -wave  mixing 
in  Hg  vapor.  The  nign  energy  conversion  efficien¬ 
cy  results  from  mixing  very  men  quality  collimated 
singte  moOe  laser  beams  over  i-m  interaction 
lengths.  The  collimated  geometry  is  very  impor¬ 
tant  because  It  allows  tractable  modeling,  area 
scaling  of  the  process  to  higner  energies,  and  hityi 
optical  Quality  of  tne  output  wave  Output  VUV 
energies  exceeding  i  25  mj/ouise  in  8-mm  diam 
beams  have  Deen  obtained  The  VUV  wavelength 
is  tunable  from  120  to  140  nm  Dy  adiusting  the 
pump  wavelengths  for  proper  moex  matching  con- 
dltiorrs. 

The  pump  wavelengths  for  1 30. 2-nm  generation 
are  777.  405.  end  255  nm  The  405-nm  wave- 
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:engtns  are  generated  by  three  r.rg  3-/9  :aser  mas¬ 
ter  oscillators  These  cw  waveengms  are  men 
amplified  to  the  millijouie  levei  m  commercial 
pulsed  aye  amplifiers.  A  final  stage  amplification 
occurs  in  titaniumrsapphire  (Ti:S). 

Witn  tne  recent  oemonstratiorr  of  a  staoie  hign 
energy  smgie-tongitudinai-mode  Ti:S  oscillator,  the 
nng  aye  lasers  and  all  subsequent  stages  of  eye 
amofifiers  can  now  oe  reoiaced  by  a  single  Ti:S 
oscillator  and  amolifier  tor  eacn  fundamental 
wavelength.  The  simplification  is  enormous  m 
tnat  eighteen  dve  oscillators/amplifiers  can  oe  re¬ 
placed  with  three  compact  Ti:S  oscillators  and 
three  Ti:S  amplifiers  The  result  of  these  simoiifi- 
cations  would  oe  an  all  solid  state  tabietoo  coher¬ 
ent  VUV  source. 

The  hign  energy  and  high  ooticai  quality  of  the 
VUV  output  wave  suggest  that  this  soiree  couic  be 
used  for  subsequent  nonlinear  mixing  to  tne  XUV 
region  of  the  spectrum.  As  shown  m  Fig.  %  a 
43.6-nm  XUV  source  can  oe  constructed  by  fre¬ 
quency  moling  130.7-om  VUV  radiation  m  neon, 
in  addition,  a  tunable  60.4-nm  XUV  source'  would 
result  from  freauency  mixing  130.7  nm  with  800 
nm.  also  m  neon,  as  illustrated  m  Fig.  i.  Generat¬ 
ing  XUV  from  VUV  with  hign  efficiency  and  at 
sizable  energy  levels  has  not  previously  oeen  pos¬ 
sible:  tne  only  VUV  sources  available  were  of  very 
low  energy  and  inefficient.  However,  develop¬ 
ment  of  an  efficient  high  energy  and  energy  scai- 
aDie  source  at  STl  now  provides  tne  onver  tor  an 
efficient  XUV  source.  Furthermore,  this  XUV 
source  can  be  driven  with  an  all  solid  state  laser 
system. 

We  discuss  tne  characteristics  of  our  130-nm 
source,  recently  oeveiooed  stngie-mcoe  Ti:S  oscih 
lators  (Fig.  2).  and  tneir  use  with  tabletop  vuv  and 
XUV  sources.  (Invited  paper.  25  min) 

1.  C.  H.  Muller  III.  O.  D.  LOwenthal.  M.  A.  DeFac- 
cio.  and  A.  V.  Smith.  "Hign-Efficiency.  Energy- 
Scalable.  Coherent  130-nm  Source  Dy  Four- 
Wave  Mixing  in  Hg  Vapor."  Opt.  Lett  13.  651 
(1988). 

2.  K.  W.  Kangas.  D.  D.  Lowentnai.  and  C.  H.  Muller 
III.  "Single-Longuudinal-Mode.  Tunable.  Pulsed. 
Ti-.Sapphire  Laser  Oscillator."  Opt.  Lett.  14.  21 
(1989). 

3.  A.  V.  Smith.  "A  Proposed  Light  Source  lor 
Vacuum  Ultraviolet  Photolithography."  Sandia 
Report  SAND  88- 1316*UC-13  (June  1988). 

MH4  Broadly  tunable  room  temperature  chro¬ 
mium  activated  forotertte  laser 

V.  PETRICEVIC.  S.  K.  GAYEN.  R.  R.  ALFANO. 
CUNY-City  College.  Institute  tor  Uttratast  Spec¬ 
troscopy  &  Lasers.  New  York.  NY  10031. 

There  is  a  need  for  near  IR  coherent  radiation  m 
the  technologically  important  areas  of  ranging,  re¬ 
mote  sensing,  and  optical  communications.  Chro¬ 
mium  activated  tersterite  (Cr:Mg,$iO«)  is  emerg- 
ing,  :  as  a  practical  tunable  near  IR  laser  suitable 
tor  such  needs.  We  present  the  characteristics  of 
laser  emission  m  Crforsterite. 

The  room  temperature  absorption  and  emission 
spectra  of  Chromium-doped  forstente  are  shown  in 
Fig.  1.  The  absorption  spectrum  is  characterized 
by  three  broad  absorption  bands  centered  at  1050. 
750.  and  480  nm.  respectively.  The  emission 
spectrum  spans  the  700-1400-nm  range  with  its 
peak  at  1 100  nm.  Both  the  absorption  ana  emis¬ 
sion  spectra  exhibit  sharp  line  structures  at  UQu»d 
nitrogen  temperances.  Careful  study  of  me  ab¬ 
sorption  and  amission  spectra  reveals  mat  me  tas- 
ing  ion  may  not  be  the  usual  bivalent  ionic  state  of 
chromium  but  presunabty  the  tetravaiem  state. 


i  P  1?3  97l  zr\~ ' 


^3 


T55brv*^_3o. 


'XUV 
!  60  nm 


\  w2 
\i 3 1  m»: 


/<*‘i 

'  131  nm 


«UTT> 

J»Ciu>'0« 


MH1  Fig.  1.  Schematic  ot  the  Ti:Ai203  amplifi¬ 
er  system.  The  master  oscillator  is  a  cw  Ti:Alj03 
single  frequency  ring  laser.  The  Ti:AI?0j  amplifier 
consists  of  four  stages:  a  four-pass  preamplifier, 
a  two-pass  amplifier,  and  two  smgte-oass  amplifi¬ 
ers.  The  pump  source  is  a  freauency  douDted 
Nd:YAG  laser. 


MH1  Fig.  2.  Schematic  of  the  Nd:YAG  pump 
laser.  The  Nd:YAG  pump  laser  consists  of  a  O- 
switched  mode-locked  oscillator,  a  common  three- 
stage  amplifier  chain,  and  tour  parallel  two-stage 
power  amplifier  chains  resulting  in  four  output 
beams  at  1.06  pm.  This  pump  laser  provides  a 
macropulse  180  ns  in  duration  consisting  of  100-ps 
mode-locked  pulses  spaced  10  ns  apart.  The 
macropuise  repetition  rate  is  10  Hi. 


SLAVE  OSGLLATOR 


MH2  Fig.  1.  Layout  of  me  master-slave  alex¬ 
andrite  oscillator. 


MH3  Fig.  1.  Simplified  energy  level  diagram  tor 
neon  snowing  frequency  tripling  and  mixing  con¬ 
version  schemes  tor  the  generation  of  XUV  coher¬ 
ent  radiation. 
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MH3  Fig.  2.  Schematic  of  all  solid  state  Tirsap- 
phire  laser-pumped  XUV  coherent  source 
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_  piB-  1.  Absorption  and  fluorescence 
2***1  Crtontente  at  room  temperana*. 

spectra  ware  taken  for  the  f  I  lb  axis  and 
■**'*•***'  along  tha  a  axis.  Tha  thicknass  of  tha 
along  tha  a  axis  i«  4.S  mm.  and  chromium 
^^0nc*w*tion  m  tha  sample  rs  8.9  X  10,#  ions/ 


MH4  Table  I.  Spectroscopic  and  Lasing  Properties  of  CriForstsrlts 


Property 

Values 

Absorption  bands 

350-520  nm,  600-850  nm, 
and  870-1180  nm 

Fluorescence  band 

700-1400  nm 

Fluorescence  lifetime 

15  ms  at  300  K 

Pulsed  laser  action: 

Center  wavelength  and  bandwidth 

1235  nm.  ~25  nm 

Output  power  slope  efficiency 

21% 

Tuning  range 

1167-1268  nm 

Continuous  wave  laser  action: 

Center  wavelength  and  bandwidth 

1244  nm,  ~12  nm 

Output  power  slope  efficiency 

-7% 

Effective  emission  cross  section 

-1  X  ~10-19  cm2 
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MK4  Fig.  2.  Ratio  of  Crforviartte  laser  ourout 
£t  to  the  absorbed  pump  energy  £rasa  navnKxi  of 
wavelength.  Tha  two  ctaves  are  ootamea  tor  two 
different  output  couplers. 
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The  aosorDtion  arc  err.iss-.cr:  spectra  snown  r  ?*g 
i  contain  contricimons  no m  com  me  C.-0'  anc 


Cr*+  ions. 

Pulsed  <aser  action  was  ootamed  for  com  tne 
1064-  and  532-nm  excitations  from  a  Oswitcned 
Nd:YAG  laser.  The  Cr.forsterite  sample  was  ion* 
gftudinally  pumped  at  the  center  of  a  stable  cavity 
formed  by  two  30*cm  radius  mirrors  placed  20  cm 
apart.  The  free-running  laser  outout  was  centered 
at  1235  nm  and  had  a  spectral  FWHM  of  ~25  nm. 
The  maximum  output  power  slope  efficiency  mea¬ 
sured  to  date  is  2 1  %  and  may  be  improved  furtner. 

The  composite  tuning  curve  obtained  with  two 
different  output  couplers  tor  1064-om  pulsed  exci¬ 
tation  is  displayed  in  Fig.  2.  With  a  birefringent 
single-crystal  quartz  plate  at  the  Brewster  angle  as 


the  Intracavity  dispersive  element,  continuous  tun¬ 
ing  over  the  1 167-1 268-nm  spectral  range  has 
been  achieved. 

Continuous-wave  laser  action  of  Cr:forsterrte 
has  also  been  achieved  for  longitudinal  pumping  by 
1064-nm  radiation  from  a  cw  Nd:YAG  laser  m  a 
nearly  concentric  cavity  formed  by  two  5-cm  radi¬ 
us  mirrors.  The  cw  laser  emission  is  centered  at 
1244  nm  and  has  a  spectral  banowidm  of  12  nm. 
The  effective  emission  cross  section  is  estimated 
to  oe  ~1.1  X  1CT1§  cm2.  Key  spectroscopic  and 
lasing  properties  of  Crforsterite  are  summarized 
in  Table  l.  (12  min) 


1.  V.  Petricevic.  S.  K.  Gayen,  R.  R.  Alfano,  K. 
Yamagtshi.  H.  Anzau  and  Y.  Yamaguchi.  Appl. 
Phys.  Lett.  52.  1040  (1988). 

2.  V.  Petncevic.  S.  K.  Gayen.  and  R.  R.  Alfano. 
Appl.  Opt.  27.4162(1988). 

MHS  Solid  state  lasers  on  the  basts  of  chrorm- 
urn-doped  rare-earth  scandium  garnets 


A.  M.  PROKHOROV.  I.  A.  SHCHERBAKOV.  Acade¬ 
my  of  Sciences  of  tne  U.S.S.R.,  Institute  of  General 
Physics.  38  Vavilov  St..  Moscow.  U.S.S.R. 

In  certain  crystal  growing  conditions  tor  Cr3*- 
and  NC3* -doped  garnets  a  portion  of  the  tn valent 
chromium  ions  can  De  transferred  into  a  terra va lent 
state,  in  the  active  medium  they  form  phototropic 
centers  with  saturable  absorption  at  the  Nd  laser 
wavelength.  By  doping  with  such  phototropic 
centers,  the  active  medium  provides  a  O-s witched 
regime  where  each  pump  pulse  has  a  fine  struc¬ 
ture  containing  a  regular  sequence  of  pulses,  each 
with  a  duration  of  a  few  hundred  nanoseconds. 
The  peak  repetition  rate  inside  the  pulses  vanes 
from  tens  to  hundreds  of  kilohertz  depending  on  me 
initial  phototropic  absorption.  Peak  generation 
power  can  reach  5  X  10s  W.  it  is  possible  to 
obtain  both  high  average  and  high  peak  power 
simultaneously  in  the  tame  laser.  This  regime 
allows  one  to  construct  a  small  sized  solid  state 
laser  capable  of  treating  materials  which  cannot 
be  cut  in  other  punp  regimes,  i.e..  in  a  cw  mode. 

Such  a  laser  has  been  built  in  GSAG  with  chro¬ 
mium  and  neodymium  concentrations  of  2  X  10*° 
cm-1.  The  laser  rod  was  6  mm  in  diameter  and  75 
mm  ii'i  Jsngth.  The  Initial  phototropic  absorption  at 
the-punp  wavelength  was  20%.  Pulse  pump  du¬ 
ration  was  0.8  ms  with  laser  efficiency  of  3.5%. 
The  phototropic  active  element  pump  pulse  had  a 
peak  structure  with  100%  depth  of  modulation. 
The  duty  factor  of  the  pulse  series  was  ~10  at  a 
peak  duration  of  250  ns.  which  corresponds  to  a 
peak  power  of  10s  W.  This  laser  has  also  been 
studied  in  a  high  average  power  regime  at  pulse 
repetition  rates  of  100  and  20  Hz.  The  pulse 
duration  for  the  first  regime  was  0.2  ms  and  tor  the 
second  0.8  ms.  Average  power  was  *-100  W. 
The  thermooptical  properties  of  the  GSAG  crystals 
are  — 1.5  times  better  than  those  for  YSGG.  The 
limiting  heat  load  for  GSAG  crystals  is  approxi¬ 
mately  twica  as  high  as  tor  GSGG  crystals. 

The  lasmg  wavelength  of  YSGG  Cr3*  N d3"-  is 
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neocvmium  pnospnate  ciass.  :  nas  seen  snown 
mat  me  condition  for  amolification  of  ouises  of  tne 
YSGG  Cr3*  Nc3*  oscillator  is  very  close  to  me 
condition  tor  amplification  of  the  YLF  Nd3*  oscilla¬ 
tor  and  neodymium  phosphate  glass  oscillator  it¬ 
self. 

It  has  been  observed  that  the  YSGG  Cr3*  Nd3* 
rod  has  very  little  influence  on  the  YSGG  Cr3*  Ho3* 
TmJt  rod  wnen  tney  are  placed  in  me  same  reso¬ 
nator.  Thus,  we  nave  built  a  laser  which  ooerates 
simultaneously  at  2.08  and  1.06  am. 

In  conclusion  we  point  out  that  this  laser  is  very 
successful  for  material  processing  and  medical 
applications. 
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10:30  AM  Stimulated  BrIHouin  Scattering 
Phase  Conjugation 

George  C.  Valley,  hughes  Research  Lab¬ 
oratories.  Presioer 

Mil  Phase  conjugate  fidelity  of  an  SBS  oaclile- 
tor/smplifter  at  the  1-J/puls*  level 

METIN  S.  MANGIR.  DAVID  A.  ROCKWELL.  Hugnes 
Research  Laboratories.  Optical  Physics  Dept..  Mae 
ibu,  CA  90265. 

Phase  conjugation  (PC)  via  stimulated  Briiioum 
scattering  (SBS)  is  a  widely  used  technique.  Until 
now  most  successful  PC  experiments  nave  been 
done  with  pump  energies  of  — 100  mj.  For  higher 
energies,  the  conjugate  fidelity  degrades.  While 
the  exact  cause  of  this  fidelity  degradation  remains 
to  be  determined,  it  apoears  to  represent  a  funda¬ 
mental  limit  of  tne  SBS  PC  orocess.  From  Dasic 
considerations  it  can  be  concluded  that  good  fideli¬ 
ty  requires  mat  the  SBS  gam  length  be  several 
times  the  diffraction  length,  thereby  promoting 
thorough  mixing  of  different  parts  of  the  beam  and 
achieving  high  selectivity  for  the  phase  conjugate 
mode,  indeed,  experiments  in  our  laboratory  have 
shown  that  above  ~10  times  me  SBS  threshold 
energy,  the  PC  fidelity  is  reduced.  Competing 
nontinearities  or  specifics  of  tne  geometry  em¬ 
ployed  can  also  affect  the  fidelity  This  fidelity 
degradation  presents  a  problem  m  high  energy 
laser  applications  which  require  PC  at  energies  >  1 
J. 

A  possible  way  to  scale  SBS  phase  conjugate 
mirrors  to  higher  energy  employs  an  oscillator/ 
amplifier  combination,  as  snown  schematically  in 
Fig.  1.  The  essential  idea  is  mat  the  oscillator 
employs  SBS  at  an  energy  level  consistent  with 
good  PC  fidelity  to  create  a  Briiioum  shifted  seed 
mat  is  the  conjugate  of  tne  incident  pump  beam. 
The  backward  propagating  seed  intensity  in¬ 
creases  in  me  Brillouin  amplifier  at  me  expense  of 
the  incoming  pump.  Attenuators  placed  between 
the  two  cells  ensure  that  me  depleted  pump  beam 
is  of  sufficiently  low  intensity  as  it  enters  tne  SBS 
oscillator.  Analysis  shows  that  the  seed  intensity 
naefls  to  be  1-10%  of  me  pumo  intensity  to 
achieve  hipi  reflectivity  in  mis  configuration  me 
oscillator  achieves  me  required  conjugation  fidelity 
while  the  amplifier  produces  me  high  reflection 
efficiency,  in  recent  papers  ! :  good  fidelity  with 
",“7?%/*,i*cttv|ty  was  reported  Tne  present  ei- 
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in  our  experiments  we  used  r>e  vecuengv  -ou¬ 
sted  output  of  a  Dhase  coniucate  Nd'giass  asqr 
producing  up  to  2.5  J  at  527  nm.  Tne  far  *:etc 
oeam  quality  is  1.5-2  times  diffraction  limited:  me 
near  fiekJ  has  a  slightly  nonuniform  intensity  oro- 
fue.  Our  exoer i mental  setup  including  diagnostic 
equipment  is  shown  in  Fig.  2.  The  amohfier  ceil 
length  can  be  changed  between  30  ano  120  cm  m 
30-cm  steps.  We  have  monitored  me  energies 
and  pulse  shapes  (<l-ns  time  resolution'  at  the 
input  and  output  of  bom  the  oscillator  and  amoiiti- 
er.  Also,  the  near  and  far  field  beam  shapes  were 
monitored  at  the  output  of  amplifier  and  oscillator 
using  a  CCD  TV  camera  couoied  to  a  vioeo  frame 
graooer  ano  computer.  We  present  our  experi¬ 
mental  measurements  of  me  energies,  outse 
shapes,  and  near  and  far  field  PC  fioenrv  as  a 
function  of  several  experimental  parameters,  sucn 
as  the  amplifier  small  signal  SBS  gam.  me  seed-to- 
pumo  energy  ratio,  the  degree  ol  aberration,  anc 
the  acoustic  decay  time  of  me  medium  ( 1 2  min ) 

i.  N.  r.  Andreev.  V.  I.  Bespalov.  M  a  3vcve:s*i:. 
and  G.  A.  Pasmani*.  •‘Nonstationarv  Stimulated 
Mandelstahm-Sriliouin  Scattering  of  Focussed 
Light  Beams  under  Saturation  Conditions.  ‘  Sov 
Phys.  JETP  58.  688  ( 1983). 

2.  V.  N.  Alekseev  era/.,  ''investigation  of  Wave- 
front  Reversal  in  a  Phosphate  Glass  Laser  Am¬ 
plifier  with  a  12-cm  Output  Apemre.  Sov  j. 
Quantum  Electron.  17,  455  (1987) 

MI2  Phase  conjugation  of  astigmatic  aberra¬ 
tion*  by  stimulated  Brllloutn  scattering 

C.  HOEFER.  H.  INJEYAN.  B  ZUKOWSK1  M 
NGUYEN-VO.  TRW  Space  &  Tecnno.ogy  Group.  1 
Space  Park.  Redondo  Beacn.  CA  9C27E 

Astigmatic  beams  wore  phase  coniugaiea  anc 
corrected  using  stimulated  Brillouin  scattering 
(SSS).  Experiments  have  shown  mat  conjugation 
fidelity  is  preserved  tor  astigmatic  aberrations  up 
to  six  to  eight  waves  even  mougn  tnresnoic  is 
increased.  Bom  the  input  and  output  oeam  Quality 
was  measured  imerterometncaiiy  wnue  input  ano 
output  energies  were  also  monitor ec. 

Ftgire  1  shows  a  schematic  layout  of  the  appa¬ 
ratus.  A  NdtYAG  laser  with  outdui  energies  of  uo 
to  100  mj.  pulse  width  of  20  ns.  anc  frequency 
bandwidth  of  3  GHz  was  collimated  and  propagated 
throu^i  an  aoerrator  before  focusing  into  a  meth¬ 
ane  SBS  cell,  infrared  Mach-Zennoer  interterom- 
eters  were  used  to  look  at  me  aberrated  and  cor¬ 
rected  wavefronts.  The  interterograms  were  si¬ 
multaneously  observed  on  a  CCD  camera  and 
recorded  on  tape.  The  aoerrators  used  were  ei¬ 
ther  a  cylindrical  lens  or  a  helium  jet  ano  ranged 
from  a  traction  of  a  wave  to  eight  waves  over  a  i- 
cm  beam.  The  beam  energy  was  varied  from  to. 
which  was  the  SBS  threshold,  to  too  mj  jouie- 
meters  were  used  to  monitor  the  SBS  reflectivity, 
and  ail  measurements  were  made  on  a  smgie-snoi 
basts.  Figure  2  is  a  typical  set  of  mierierograms 
Showing  the  input  and  corrected  output  Excellent 
fidelity  was  obtained  tnroupxxrt  me  range  of  aber¬ 
rations  used. 

The  SBS  reflectivity  was  decreased,  anc  me 
SBS  threshold  increased  with  increasing  aberra¬ 
tion  although  fidelity  was  preserved  This  effect 
was  modeled  using  the  2*0  (one  longitudinal  one 
transversal  wave  optic  shiwon  code  wn.cr  treats 
me  second  transverse  dimension  using  geometric 
optics*  To  accommodate  astigmatism  tne  code 
was  modified  by  decoupling  focusing  along  tne  rwo 
transverse  axes.  The  model  predicted  good 
phase  conjugation  fidelity,  confirming  Tie  experi¬ 
mental  results,  and  changes  in  reflect  iviv  ano  SSS 
threshold  were  in  good  afpeemept  wim  mose  oo 
served  experimentally  (Fig.  3i.  i  nim*) 
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Summary 

The  chromium-doped  forsteiite!  (Cr:Mg2Si04)  laser,  a  new  member  in  the 

family  of  chromium-based,  room-temperature,  nonr-infrared  vibronic  lasers.1  is 
emerging  as  a  practical  and  useful  source  of  coherent  radiation  in  the  near- 

infrared  spectral  region.2*2  Thej  Cr:forsteritc  system  is  unique  both  for  its 
desirable  laser  properties,  as  wdll  as  for  its  interesting  and  intriguing 
spectroscopic  properties.  While  successfully^  operated  Cr-based  tunable  solid-state 
lasers  like  alexandrite,  emerald,  Cr:QSGG,  together  with  TiiAIjOj  span  quite  a 
different  spectral  range  of  660-1090  nm.  Criforsterite  emits  in  the  1167-1345  nm 
range,  centered  on  1268  nm,  the  .  so-called  "wavelength  of  zero  material 
dispersion".  The  material  dispersion',  will  be  minimal  in  this  spectral  range, 

making  Criforsterite  an  extremely  valuable  source  for  optical  communications. 
The  most  interesting  spectroscopic  feature  of  the  Criforsterite  crystal  is  that  it  is 

the  first  Cr-based  system  known  to  date  where  the  'lasing  center’  is  other  than  the 
Cr3+  ion,  presumably  the  tetravalent  chromium  (Cr4+).  In  this  paper,  the  unique 
spectroscopic,  and  laser  properties  of  Criforsterite  will  be  described. 

The  room-temperature  absorption  and  emission  spectra  of  Criforsterite  arc 
shown  in  Fig.  1(a).  The  absorption  spectrum  is  characterized  by  three  broad 
absorption  bands  centered  at  1050  nm,  750  nm,  and  480  nm,  respectively.  The 
emission  spectrum  spans  the  680-1400  nm  spectral  range  with  peak  at  1100  nm. 
The  750-nm  and  480-nm  absorption  bands  are  attributed  to  transitions  within  the 
states  of  Cr2  +  ion.  A  careful  study  reveals  that  the  near-infrared  absorption  band 
centered  at  1050  nm,  and  its  Stokes-shifted  fluorescence,  presented  in  Fig.  1(b),  are 
responsible  for  laser  action  in  Criforsterite.  These  absorption  and  emission 
originate  in  transitions  between  the  states  of  a  center  other  than  Cr2  +  .  The 
spectroscopic  and  theoretical  evidences  leading  :o  this  conclusion  and  the 

identification  of  this  new  lasing  center  will  be  presented. 

Various  laser-pumped*  laser  experiments  on  Criforsterite  system  have  been 
completed  and  will  be  reviewed: 

•  Pulsed  laser  action  has  been  obtained  for  longitudinal  pumping  in  a  stable 
cavity  by  both  the  1064-nm  and  532-nm  radiation. 

•  Continuous-wave  operation  has  been  demonstrated  for  longitudinal  pumping 
by  cw  1064-nm  radiation  in  a  nearly  concentric  cavity. 

•  Continuous  tuning  over  the  1167-1345  nm  spectral  range,  displayed  in  Fig.  2. 
has  been  obtained  by  using  three  different  output  couplers,  and  a 
birefringent,  single-crystal  quartz  plate  at  Brewster's  angle  as  the  imra- 
cavity  dispersive  element. 
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Fig.  1  Absorption. ! and  fluorescence  spectra  of  Criforstcrite:  (a)  room-icmpcrnturc 
composite  spectra  ’showing  contributions  from  both  the  optically-active  centers 
present  in  the  crystal  (fluorescence  excited  by  488-nm  radiation);  (b)  near- 
infrared  spectra  (fluorescence  excited  by  1064-nm  radiation)  attributed  to 
transitions  within  the  states  of  the  'lasing  center’  alone,  presumed  to  be 
tctravalent  chromium.  \  All  the  spectra  were  taken  for  Ellb  axis  of  the  crystal,  and 
for  excitation  along  the  a  axis.  The  dotted  curves  in  (b)  arc  taken  at  77  K.  while  the 
solid  curves  are  taken  at  300  K. 
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Fig.  2  The  ratio  of  Criforstcrite-fciscr  output  (El)  to  the  absorbed  pump  energy  (Ep) 
as  a  function  of  wavelength.  The  three  curves  correspond  to  the.  three  output 
couplers  used  in  tuning  measurement. 


The  successful  cw  operation  and  large  fluorescence  bandwidth  of  this 
system  promise  ultrashort  pulse  generation  through  mode-locked  operation.  Since 
large  crystals  may  be  readily  grown,  the  system  has  the  potential  to  be  an 
amplifier  medium  in  the  infrared  spectral  region.  Key  spectroscopic  and  laser 
properties  of  Crforstcrite  are  summarized  in  Table  1. 

TABLE  1.  Spectroscopic  and  laser  properties  of  Cr-dopcd  forsterite 


Property 

Value 

,Majjor  pump  bands 

t 

850-1200  nm,  600-850  nm 

and  350-550  nm. 

Fluorescence  band 

680-1400  nm 

Room-temperature  fluorescence  lifetime 

us 

CJr-ion  concentration 

7xl018  ions/cm3 

Losing  wavelength  (center) 

35  nm  (pulsed) 

1.  44  nm  (cw) 

Spectral  bandwidth 

-  30  nm  (pulsed) 

-  12  nm  (cw) 

Slope  efficiency 

22%  (pulsed) 

•  . 

6.8%  (cw) 

Tuning  range 

1167-1345  nm 

Effective  emission  cross  section 

l.lxlO*19  cm2 

We  would  like  to  acknowledge  K.  Yamagishi,  H.  Anzai,  and  Y  “hi  of  Mitsui 

Mining  and  Smelting  Co.,  Japan  for  providing  the  crystals  use  ’udy,  and 

NASA  and  ARO  for  financial  support. 
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Abstract 

Chromium-activated  forsterite  (Cr:Mg2Si04)  laser  is  continuously  tunable 
over  the  1167  -  1345  nm  spectral  range.  The  characteristics  of  laser  operation  and 
relevant  spectroscopic  and  quantum  electronic  properties  of  the  system  will  be 
reviewed. 
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Summary 

Chromium-activated  forsterite  (CrrMgjSiOD  is  a  new  vibronic  IaserC2  with  unique 
spectroscopic  and  laser  properties.  A  number  of  chromium-based  tunable  solid  state  lasers^,  together 
withTi:Al203  laser4  span  a  spectral  range  of  660-1240  nm.  Cr:Mg2SiC>4  laser  extends  the  tuning  range 
further  into  the  near-infrared  to  1345  nm.5  The  most  important  feature  of  the  tuning  range  of 
Crrforsterite  laser  is  that  it  lies  in  the  wavelength  region  of  zero  material  dispersion.  This  property 
makes  Crrforsterite  very  useful  source  for  optical  communications.  The  most  interesting  spectroscopic 
property  of  the  Crrforsterite  crystal  is  that  it  is  the  first  Cr-based  system  where  the  lasing  center  is 
tetravalent  chromium  (CH+). 

The  room-temperature  absorption  and  emission  spectra  of  Crrforsterite  are  shown  in  Fig. 
1(a).  The  absorption  spectrum  is  characterized  by  three  broad  absorption  bands  centered  at  1050  nm, 
750  nm,  and  480  nm,  respectively.  The  emission  spectrum  spans  the  680-1400  nm  spectral  range.  The 
750-nm  and  480-nm  absorption  bands  are  attributed  to  transitions  within  the  states  of  Cr*+  ion.  A 
careful  study  reveals  that  the  near-infrared  absorption  band  centered  at  1050  nm,  and  the 
corresponding  Stokes-shifted  fluorescence,  presented  in  Fig.  1(b),  are  responsible  for  laser  action  in 
Crrforsterite.  These  absorption  and  emission  are  attributed  to  transitions  in  Cr4*  ion  in  a 
tetrahodraily  coordinated  site.  The  spectroscopic  and  theoretical  evidences  leading  to  this 
conclusion  and  the  identification  of  this  new  lasing  center  will  be  presented. 


Fig.  1  Absorption  and  fluorescence  spectra  of  Crrforsterite:  (a)  room- temperature  composite 
spectra  showing  contributions  from  both  the  optically-active  centers  present  in  the  crystal 
(fluorescence  excited  by  488-nm  radiation);  (b)  near-infrared  spectra  (fluorescence  excited  by 
1064-nm  radiation)  attributed  to  transitions  within  the  states  of  the  Cr4+  ion.  The  dotted 
curves  in  (b)  are  taken  at  77  K,  while  the  solid  curves  are  taken  at  room  temperature. 

Various  modes  of,operation  of  the  Cr forsterite  laser  have  been  achieved.  Room  temperature 
pulsed  laser  operation  for  532-nm,  630-nm,  and  1064-nm  pumping  has  been  obtained1^  with  maximum 
output  slope  efficiency  of  22%.  Continuous-wave  operation  has  been  demonstrated*  for  longitudinal 
pumping  by  cw  1064-nm  radiation.  Continuous  tuning  over  the  1167  -1345  nm  spectral  range,  shown  in 
Fig.  2  has  been  obtained^by  using  three  different  output  couplers  and  a  birefringent,  single  crystal 
quartz  plate  at  Brewster’s  angle  as  the  intracavity  dispersive  element. 
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Fig.  2  The  ratio  of  Crforsterite  laser  output  (E^)  to  the  absorbed  pump  energy  (Ep)  as  a  function 
of  wavelength.  The  three  curves  correspond  to  the  three  output  couplers  used  in  tuning 
measurement. 

The  most  important  spectroscopic  and  laser  properties  of  chromium-activated  forstcritc  are 
summarized  in  Table  1. 


TABLE  1.  Spectroscopic  and  laser  properties  of  Cr-doped  forsterite 


Property 

Value 

Major  pump  bands 

850-1200  nm,  600-850  nm, 
and  350-550  nm. 

Fluorescence  band 

680-1400  nm 

Room-temperature  fluorescence  lifetime 

15  ps 

Cr-ion  concentration 

~  7x1 01 8  ions/cm3 

Lasing  wavelength  (center) 

1235  nm  (pulsed) 

1244  nm  (cw) 

Spectral  bandwidth 

-  30  nm  (pulsed) 

.  -  12  nm  (cw) 

Slope  efficiency 

22%  (pulsed) 

6.8%  (cw) 

Tuning  range 

1167-1345  nm 

Effective  emission  cross  section 

l.lxl0-,9cm2 

We  would  like  to  acknowledge  K.  Yamagishi,  H.  Anzai,  and  Y.  Yamaguchi  of  Mitsui  Mining 
and  Smelting  Co.,  japan  for  providing  the  crystals  used  in  this  study,  and  NASA  and  ARO  for 
financial  support 
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Chromium-activated  forsterite  (Cr:Mg2SiC>4)  is  a  new  chromium-based 
vibronic  laser  with  unique  spectroscopic  and  laser  properties.  Pulsed  room 
temperature  laser  operation  for  532-nm,  630-nm,  and  1064-nm  pumping  has 
been  obtained  with  output  slope  efficiency  as  high  as  22  %.  Free-running  laser 
output  is  centered  at  1235  nm  and  has  spectral  bandwidth  of  30  nm.  The  large 
bandwidth  promises  generation  of  ultrashort  pulses  in  the  femtosecond  range 
through  mode-locked  operation.  With  a  single  crystal  quartz  birefringent 
plate  inserted  in  the  laser  cavity  at  Brewster's  angle,  and  using  different  laser 
mirrors,  smooth  continuous  tuning  over  the  1167-1345  nm  spectral  range  has 
been  achieved.  This  tuning  range  is  of  great  technological  importance  for 
ranging,  remote  sensing  and  optical  communications.  Continuous-wave  laser 
operation  for  longitudinal  pumping  by  1064-nm  radiation  from  CW  NdiYAG 
laser  has  also  been  obtained.  Spectroscopy  of  chromium-doped  forsterite  will 
be  reviewed.  These  studies  indicate  that  in  Cr:forsterite  a  center  other  than 
Cr3+,  presumably  tetravalent  Cr4*  in  a  tetrahedrally  coordinated  site,  is 
responsible  for  laser  action. 

This  work  was  performed  in  collaboration  with  V.  Petricevic  and  S.  K. 
Gayen.  The  research  is  supported  by  NASA,  ARO,  Hamamatsu  Photonics  KK, 
and  CCNY  Organized  Research. 
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Summary 

Chromium-doped  forsterite  is  an  important  laser  system  for  the  near 
infrared  spectral  range.  It  operates  in  both  pulsed! -3  and  continuous- wave** 
mode  of  operation.  Its  output  can  be  tuned  over  the  1167-1345  nm  range.^The 
most  interesting  feature  that  distinguishes  this  laser  system  from  other 
chromium-based  lasers  is  that  the  lasing  ion  is  tetravalent  chromium  (CH+) 
in  a  tetrahedrally  coordinated  site.2,3,6 

In  this  work  we  present  pump-and-probe  measurements  of  the 
effective  gain  cross-section  in  chromium-doped  forsterite.  Results  of  these 
measurements  show  the  effect  of  excited-state  absorption  (ESA)  on  laser 
performance  of  chromium-doped  forsterite  laser. 

ESA  is  a  critical  process  which  impedes  operation  of  tunable  solid  state 
lasers.  It  has  been  shown  that  it  affects  laser  performance  of  V2+- doped 
crystals,7/ 8  inhibits  laser  action  in  Mn7+-doped  crystals,?  and  limits  the  slope 
efficiency  of  Cr3+:Mg3Ga2Li3Fi2  laser.10  It  is  also  present  in  alexandrite.!1 
Absence  of  ESA  is  one  of  the  most  important  advantages  of  Ti:Al203  laser.! 2 
The  experimental  setup  used  to  measure  the  effective  gain  cross  section 
is  shown  in  Fig.  1.  The  upper  lasing  level  assigned  to  3T2  state  of  Cr*+  ion  is 
populated  by  1064-nm  pump  beam  from  the  Q-switched  Nd:YAG  laser.  The 
excited  state  is  probed  by  a  collinearlv  propagating  probe  beam.  Probe  beams 
were  obtained  from  a  tunable  forsterite  laser  pumped  by  a  Nd:YAG  laser. 
Pump  and  probe  beams  were  carefully  overlapped  and  focused  in  the  sample. 
The^ample  is  a  38-mm  long  and  4 -nun  diameter  rod  with  end  faces  anti¬ 
reflection  coated  for  the  1.1-1 .4  pm  range.  A  gated  boxcar  integrator  was  used 
to  measure  the  average  ratio  S2/S1,  where  S2  is  the  signal  proportional  to  the 
intensity  of  the  transmitted  probe  beam  and  Si  is  proportional  to  the  intensity 
of  the  probe  beam  before  the  sample. 
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Figure  1.  Experimental  setup  used  to  measure  the  effective  gain  cross-section  in  Chromium- 
doped  forsterite. 

The  effective  gain  cross  section  is  given  by 

OefF  =  <TE  -  OESA  -  Og  =  -  (1  /NeDIoR,  (1) 

where  Ge  is  the  gain  cross  section,  oesa  is  the  excited-state  absorption  cross 

section,  Gcis  ground  state  absorption  cross  section  at  probe  wavelength,  NeIs 
population  density  of  the  excited  state,  1  is  length  of  the  crystal  and  R  is 
defined  by 


R  =  (S2/Si)u/(S2/Si)p.  (2) 

The  subscripts  u  and  p  refer  to  unpumped  and  pumped  cases,  respectively. 
Excited-state  population  density  (Ne  )  was  estimated  by  measuring  the 
pumped  volume  of  the  sample  and  the  energy  of  the  pump  pulse  absorbed, 
assuming  that  each  pump  photon  absorbed  creates  one  excited  ion. 

The  measured  effective  (net)  gain  cross  section  as  a  function  of 
wavelength  in  the  1180-1330  nm  wavelength  region  is  presented  in  Fig.  2  by 
triangles  superimposed  on  the  fluorescence  spectrum.  The  measured  values 
of  the  net  gain  crc~*  section  should  be  compared  to  the  value  of  -2  x  10-19  cm2 
for  the  peak  gairj  cross  section  obtained  from  radiative  lifetime  and 
fluorescence  lineshape  measurements.1!  The  close  agreement  between  the 
measured  effective  gain  cross  section  and  the  peak  gain  cross-section  predicted 
using  radiative  lifetime  and  fluorescence  linewidth  indicates  that  ESA  cross 
section  is  at  least  an  order  of  magnitude  smaller  than  the  gain  cross  section. 


This  agreement  implies  that  ESA  is  not  a  major  loss  mechanism 
chromium-doped  forsterite. 
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Figure  2.  Fluorescence  spectrum  of  chromium-doped  forsterite  for  1064-nm  excitation  (solid  line) 
and  effective  gain  cross-section  (triangles  and  broken  line). 

Research  is  supported  in  part  by  ARO  and  NASA. 
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November  6,  199U 
4:45pm  BALLROOM  B 

Symposium  on  Instrumentation 
James  C.  Wyant,  W'yko  Corporation, 
Presuidr 


4:45pm  (Invited) _ 

TuXXl  Acousto-opticaf  spectrometers 

V.  1.  Pustovoit 

USSR  State  Committee  for  Product  Quality 
Control  and  Standards,  9  LmmsJty  Prospect, 
Moscow  117049,  USSR 

We  describe  an  acoustooptical  spectrom¬ 
eter  consisting  of  a  Bragg  cell  made  of  single- 
crystal  quartz.  Spectral  range  of  420-780  nm 
and  resolution  of  0.2  nm  is  achieved.  Appli¬ 
cations  in  the  monitoring  of  plasma-assisted 
material  treatment  are  described. 

5:1 5pm _ 

TuXX2  Power-spectrum 

measurements  using  radial 
shearing  interferometry 

Ronald  J.  Sudol  and  Robert  K.  Jungquist 
AMS  Division,  B-65  Research  Laboratory, 
Eastman  Kodak,  Rochester,  New  York 
14650-1813 

A  common-path  radial-shearing  interfer¬ 
ometer  is  examined  for  its  ability  to  measure 
the  power  spectrum  of  an  object's  intensity 
transmittance.  For  an  object  illuminated  with 
spatially  incoherent  light,  it  is  shown  that  the 
contrast  of  the  intensity  distribution  ob¬ 
served  at  the  interferometer's  output  con¬ 
tains  a  cosine  transform  of  the  object's 
intensity  transmittance.  From  a  coherence 
theory  point  of  view,  this  manifestation  is 
shown  to  be  the  result  of  a  direct  mapping 
between  the  object's  frequency  spectrum  and 
the  coherence  properties  of  the  interfering 
beams.  Alternatively,  when  one  considers  the 
system  impulse  response,  each  point  in  the 
object  is  found  to  produce  a  set  of  cos¬ 
inusoidal  fringes  whose  frequency  is  directly 
related  to  that  object  point.  The  subsequent 
incoherent  summation  over  the  object  results 
in  an  interference  pattern  that  contains  a  bias 
term  plus  the  transform  of  the  object's  inten¬ 
sity  transmittance.  Experimental  results  ob¬ 
tained  for  standard  objects  such  as  circular 
apertures  and  Ronchi  rulings  compare  favor¬ 
ably  with  theoretical  predictions. 


TuXX3  A  Fourier-transform 

spectrometer  for  the  visible 
and  UV  region  based  on 
laser-diode  interferometric 
control 

Geect  Wyntjes,  James  Engel,  David  Carlson, 
and  Rick  Dorval 

OPTRA.  66  Cherry  Hill  Drive,  Beverly, 
Massachusetts  01915 

We  describe  the  design  and  preliminary 
performance  of  a  Fourier  transform  spec¬ 
trometer  (FTS)  built  to  operate  in  both  the 
visible  and  UV  regions.  Conventional  FTS 
instruments  have  generally  been  restricted  to 
use  in  the  IR  because  of  the  difficulties  in 
providing  sufficiently  precise  control  of  the 
mirror  velocity  and  alignment.  We  are  build¬ 
ing  an  FTS,  which  uses  a  laser-diode  source, 
in  which  both  mirror  motion  and  alignment 
arc  dynamically  controlled  on  the  basis  of 
interferometric  signals.  By  using  a  multi¬ 
phase  detection  technique,  we  are  able  to 
make  interferometric  measurements  with 
/768  precision  at  a  5  Ml  Iz  update  rate.  These 
data  are  used  to  servocontrol  the  mirror  ve¬ 
locity  and  alignment  to  belter  than  0.01%  and 
1  radian  respectively.  This  degree  of  control, 
combined  with  optics  that  are  good  to  /40  in 
the  visible-light  spectrum,  make  it  possible  to 
attain  spectral  resolution  in  the  visible  and 
near-UV  regions  that  is  limited  only  by 
radiometric  noise  considerations. 

S:45pm _ 

TuXX4  Complex  homodyne  laser-diode 
velocimeter 

Gecrt  Wyntles  and  Michael  Herchcr 
OPTRA,  66  Cherry  Hill  Drive,  Beverly, 
Massachusetts  01915 

We  describe  a  laser  Doppler  velocimeter 
based  on  a  single  illuminating  beam  from  a 
laser  diode  and  employing  a  complex 
homodyne  detection  system.  Conventional 
laser  Doppler  velocimeters  are  based  on  the 
detection  of  light  scattered  by  particles  that 
traverse  a  region  illuminated  by  intersecting 
laser  beams.  Performance  is  generally  im¬ 
proved,  particularly  in  low  velocity  applica¬ 
tions,  by  means  of  heterodyne  detection  (the 
intersecting  beams  differ  in  optical  frequency 
by  the  heterodyne  frequency).  The  system  we 
describe  is  compact  and  achieves  precise  and 
unambiguous  measurements  through  the 
use  of  a  complex  homodyne  technique  In  this 
technique  we  make  simultaneous  measure¬ 
ments,  updated  at  5  MHz,  of  three  interfero¬ 
metric  signals  whose  phases  differ  by  120. 
These  data  arc  processed  in  real  time  to  pro¬ 
vide  a  linear  output  of  unwrapped  phase, 
whose  derivative  is  proportional  to  velocity. 
The  sample  volume  is  illuminated  by  a  single 
beam,  and  a  complex  spatial  filter  is  used  to 
generate  the  three,  differently  phased  inter¬ 
ferometric  signals.  We  describe  the  theoreti¬ 
cal  basis  for  the  measurement,  the  sensor 
design,  and  a  variety  of  data  obtained  from 
both  fluids  and  diffusely  scattering  surfaces. 


Tuesday  AFTERNOON' 
Nuvomber  6,  1990 
5:00pm  BALLROOM  A 


Ultra  fast  Spectroscopy 

R.  R.  Aifuno,  City  College  of  New  York, 

Presider 


5:QQpm _ 

TuYYl  Transient  gain  measurements 
of  nonradiative  dynamics  in 
chromium  doped  forsterrte 
(Cr4+:Mg2Si04) 

A.  Seas,  V.  Petricevic,  and  R.  R.  Alfano 
Institute  for  Ultrafast  Spectroscopy  and  Lasers, 
Departments  of  Physics  and  Electrical 
Engineering.  City  College  of  New  York,  New 
York  10031 

The  gain  dynamics  of  photoexcited  chro¬ 
mium-doped  forsterite  (Cr*  NMgzSiO*)  were 
measured  by  means  of  a  pulsed  excite-and- 
probe  technique.  The  nonradiative  relaxation 
time  within  the  3T2  vibronic  state  was  deter¬ 
mined  by  measuring  the  change  in  the  in¬ 
duced  gain  of  the  probe  pulse  as  a  function  of 
the  pumpprobe  delay.  A  30  ps,  1.064  m  pulse 
from  a  mode-locked  Nd:YAG  laser  was  split 
into  two  beams.  The  first  beam  provided  the 
pump  pulse  to  populate  the 3T2 manifold.  The 
other  beam  was  focused  in  a  calcite  crystal  to 
generate  a  1.2  m  probe  pulse  by  means  of 
stimulated  Raman  scattering.  The  transient 
gain  was  determined  from  the  measured  ratio 
of  the  transmitted  probe  intensity  for  unpum- 
ped  and  pumped  cases  as  a  function  of  the 
pumpprobe  delay.  The  rise  time  (time  for 
growth  of  the  gain  from  10%  to  90%)  was 
calculated  to  be  50  ps.  A  rate-equation  analy¬ 
sis  of  population  in  the  various  states  was 
used  to  extract  a  value  for  the  vibrational 
relaxation  time  from  the  experimental  data 
under  the  assumption  of  Gaussian  pump  and 
probe  pulses.  Ihe  best  fit  to  the  experimental 
data  of  gain  as  a  function  of  time  yields  a  value 
of  10  5  ps  for  the  intra-3T2-state  vibrational 
relaxation  time. 

This  research  is  supported  by  the  Army 
Research  Office. 


5:15pm 

TuYY2  Picosecond  infrared 
spectroscopy  using  a 
regenerative  amplifier 

T.  M.  Jedju,  I.  Rothberg,  and  M.  Roberson 
AT&T  Bell  laboratories,  600  Mountain 
Avenue,  Murray  Hill,  New  Jersey  07974 

An  apparatus  for  doing  picosecond,  nar¬ 
rowband  infrared  spectroscopy  is  presented. 
The  procedure,  based  on  a  540  Hz  regenera¬ 
tive  amplifier,  uses  a  gated  up-conversion 
technique.  Spectral  resolution  of  1  cm‘l  is 
achieved  by  difference-frequency  mixing  the 
output  of  a  narrowband,  sync-pumped,  grat¬ 
ing  dye  laser,  which  is  pumped  by  residual 
light  from  the  regenerative  amplifier,  with 
532  nm  laser  light  in  LilOj.  The  output  is  nar- 


Tuesday.  November 


12.  S.  G.  Demos,  J.  Buchert,  and  R.  R.  Alfano,  ’’Nonequilibrium  Phonon  Dynamics 
in  Forsterite”,  presented  at  the  Optical  Society  of  America  1990  Annual 
Meeting,  Boston,  Massachusetts,  November  4-9,  1990. 
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czcdcctric  Ti-jUS  on  i!'.c  • ' rJ cr  f 
V/ctn.*  *  These  tic! Js  iead  to  interesting  non¬ 
linear  optical  effects,  which  can  depend  on 
the  density  ot‘  free  carriers.  At  low  carrier 
density,  there  is  an  effect  of  the  piezoelectric 
fields  on  the  nonlinear  susceptibilities  due  to 
parity  mixing  of  the  levels:  and  due  to 

piezoelectric  field-driven  changes  in  the  car¬ 
rier  dispersion  relations:  In  an  SLS, 

grown  on  a  buffer  layer  intermediate  in  con¬ 
centration  between  the  two  active  epilayers, 
we  use  a  transfer  matrix  technique3  to  obtain 
dispersion  relations  for  the  superlattice  and 
an  exact  superlattice  wavefunction.  This  is 
done  within  a  single  band  model  with  mo¬ 
mentum  mixing  of  the  bands  due  to  zone¬ 
folding  considered.  Using  these  results  we 
calculate  j42)  and  ^  for  a  CdTe/ZnTe  SLS. 
Wc  find  ~  10  x  bulk  GaAs.  A  large  )43) 
results  because  of  electric  field  modulated 
band  nonparabolilicity  in  the  SLS.  We  find 
^i3)  —  60  x  bulk  GaAs.  The  level  broadening 
in  the  minibands  demonstrates  a  strain-in¬ 
duced  Franz-Kcldysh  effect  in  this  system, 
whose  explicit  form  varies  with  electric  field. 
Finally,  we  consider  the  effect  of  screeningon 
Xt3>  as  a  function  of  carrier  density. 

References 
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2:45pm _ 

WJ6  Second-order  optical 

susceptibilities  in  asymmetric 
quantum  wells 

S.  J.  B.  Yoo,  M.  M.  Fejer,  R.  L.  Dyer,  and 
J.  S.  Harris,  Jr/ 

Edward  L  C’tnzton  Laboratory,  Stanford 
Uuniuersity,  Stanford,  California  94305 

Recently,  there  have  been  extensive  stud¬ 
ies  of  intersubband  transitions.  The  large  os- 
cillator  strengths  of  transitions  between 
subbands  of  quantum  wells1  have  led  to  in* 
vestigations  of  their  application  to  lasers,  de¬ 
tectors  and  nonlinear  optical  devices.  In  this 
paper,  we  discuss  the  extremely  large  second 
order  optical  susceptibility  k<21]  predicted 
and  observed2  in  structures  with  inversion 
symmetry  broken  through  external  electric 
fields  or  compositional  asymmetry.  Second 
order  susceptibility  of  the  quantum  well  sys* 
tern  is  obtained  by  solving  effective  mass 
Hamiltonian  in  the  conduction  band.  The 
large  oscillator  strengths  and  relatively  nar¬ 
row  linewidths  lead  one  to  expect  large .  Ex¬ 
perimental  measurements  of  have  been 
obtained  for  second  harmonic  generation 
over  the  tuning  range  of  CO2  laser  in  bStK 
electric  field  biased  and  compositionally 
asymmetric  modulation  doped  structures,  re¬ 
sulting  in  28  noW  and  100  nm/V  near  reso¬ 
nance,  respectively.  These  are  extremely 
large  compared  to  of  bulk  GaAs,  for  exam¬ 
ple,  which  is  0.38  nm/V  at  similar  wave¬ 
lengths.  In  actual  frequency  conversion 
devices,  the  strong  absorption  at  resonance 
adversely  affects  efficiency,  which  ultimately 
depends  on  the  ratio  of  x(2)  to  absorption.  We 
discuss  the  design  of  quantum  well  devices 
for  large  conversion  efficiency. 


University. 
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WJ7  Optically  Induced  and 

charge-transport-assisted 
electroabsorptive  and 
electro-optic  nonlinearity  in 
cadmium  telluride 

Mehrdad  Ziari  and  William  H.  Steier 
Center  for  Photonic  Technology,  Department  of 
Electrical  Engineering, 

University  of  Southern  California, 

Lo$  Angeles,  California  90089-0483 

We  have  observed  the  optically  triggered 
formation  of  a  high  electric  field  region  un¬ 
derneath  the  negative  electrode.  The  optical 
control  of  the  magnitude  and  the  position  of 
this  field  build-up,  typically  10  to  20  times  the 
applied  field,  combined  with  the  electro-optic 
or  the  Franz-Keldysh  effect,  provides  a  novel 
large  optical  nonlinearity.  The  high  field  re¬ 
gion  (0.1-0.2  mm  wide)  forms  in  few  micro¬ 
seconds  upon  illumination  by  below  bandgap 
light  (860-900  nm)  and  persist  in  the  dark 
with  a  latch  time  of  2-5  s.  This  effect  is  highly 
sensitive,  requiring  approximately  10  nj/cm: 
absorbed  fluence,  and  exhibits  an  intensity 
and  applied  voltage  dependent  response  time. 
Furthermore,  this  high  field  can  be  erased  by 
illuminating  the  region  through  ITO  elec¬ 
trodes  with  near  bandgap  light  (835-nm  GaAs 
laser  diode).  This  field  buildup  and  erasure 
can  be  used  in  a  variety  of  device  configura¬ 
tions  (one-  or  two-  dimensional  arrays,  self 
switching  or  two  wavelength  schemes)  for 
opto-optical  switching  and  spatial  light  mod¬ 
ulation  applications.  These  devices  can  bene¬ 
fit  from  the  large  electro-optic  coefficient  of 
CdTe  (5-6  pV/m)  for  high  contrast  polariza¬ 
tion  switching,  or  taking  advantage  of  the 
high  electric  fields,  use  the  observed  Franz- 
Keldysh  electro-absorption  which  provides 
large  absorption  and  the  associated  refractive 
index  changes. 
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Ultrafast  Optical  Phenomena:  1 
Arthur  Smirl,  University  of  Iowa,  Presider 


1:30pm _ 

WK1  Ultrafast  opto-optic  switching 

Sushrut  Mehta,  Philippe  Fauchet,  and 
Kais  Gzara 

Department  of  Electrical  Engineering, 
Princeton  University, 

Princeton,  New  jersey  08544 


We  present  a  design  for  an  ultrafast  opti¬ 
cally  driven  optical  switch  capable  of  sub¬ 
picosecond  switching  and  recovery  times. 
The  switch  essentially  consists  of  a  phased 
array  in  which  the  phase  of  the  light  emitted 
by  each  element  of  the  array  is  optically  con¬ 
trolled.  The  distribution  of  the  far  field  dif¬ 
fraction  pattern  from  such  an  array  can  be 
varied  considerably  by  altering  the  phase  dis¬ 
tribution  of  the  array.  The  extremely  short 
switching  times  are  obtained  by  utilizing  the 
optical  Stark  effect,  which  involves  only  vir¬ 
tual  transitions,  and  there  are  no  real  carriers 
to  restrict  recovery  times.  The  switch  is  also 
found  to  be  extremely  robust  against  noise  as 
well  as  partial  failure. 

1:45pm _ 

WK2  Nonequilibrium  phonon 
dynamics  in  forsterite 


S.  G.  Demos,  J.  M.  Buchert,  and  R.  R.  Alfano 
Institute  for  Ultrafast  Spectroscopy  and  btsers, 
City  College  of  New  York.  Convent  Avenue  at 
138  Street,  New  York,  New  York  10031 


Phonon  dynamics  in  photoexcited  For- 
stcrite — a  new  tunable  solid  state  laser — has 
been  studied  by  time  resolved  spontaneous 
Raman  scattering  following  absorption  in  3T: 
electronic  state.  High  rate  of  photoexcitation 
by  400  fs  pulses  are  responsible  for  creation 
of  nonequilibrium  phonon  population  in  the 
excited  state.  Phonons  a  regenerated  by  relax¬ 
ation  of  the  photoexcited  electrons  in  the  ex¬ 
cited  state.  The  finite  relaxation  time  of 
phonons  and  strength  of  electron-phonon  in¬ 
teractions  produces  the  observed  high  non¬ 
equilibrium  distribution  during  the  short 
time  after  excitation.  The  short  pulse  mea¬ 
sures  the  hot  phonons  while  the  longer 
pulses  measure  overall  phonon  population 
These  measurements  give  direct  informai;on 
on  which  nonradiative  process  and  which 
phonons  are  involved  in  the  relaxation  of 
photoexcited  ions  in  electronic  state.  For 
shortest  pulse  of  400  fs  the  220-cnr1  mode 
appears  to  be  coupled  with  photoexcited  tel- 
ravalent  chromium  Cr4*  showing  the  non- 
equilibrium  distribution. 
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